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Abstract 
 
 
Abstract 
The effect of various organically modified silica (ormosil) nano-particle additions on the 
mechanical properties of a polyester resin has been investigated.  For materials produced 
on such a fine scale, surface properties are known to dominate the manner in which they 
behave. 
 
This thesis presents results from two complementary areas of study: surface analysis and 
mechanical testing.  The surface properties of the nano-particles and the interactions of 
the nano-particles with a polyester and adsorbed water have been investigated.  These 
analyses have led to the development of a model which shows that the small organic 
groups grafted to the silica surface (methyl, ethyl and vinyl) are able to pack 
comparatively densely at the surface, effectively forming a continuous monolayer.  This 
layer is sufficiently thick to prevent interaction of retained silanol groups with the 
polyester resin.  When the silica is modified with phenyl functionality, however, the 
larger size leads to a more dispersed organic coverage that cannot be considered as a 
complete monolayer. Hence this layer reduces, but will not completely prevent interaction 
of the matrix with retained silanols of the silica. 
 
The particles have been dispersed in a polyester resin successfully.  The dispersion 
process is an important step in producing viable nano-composites.  Mechanical testing of 
such nano-composites has found a significant improvement in the toughness properties of 
the phenyl ormosil modified polyester, compared with the unmodified resin, whilst the 
other modified polyesters show smaller improvements.  When considered with the surface 
analysis investigation, it is argued that the improvement is a result of a reduction of the 
strength of the interface (with reference to a commercial nano-silica) between the 
particles and the matrix.  The phenyl ormosil is more strongly bonded than the other 
ormosils.  Whilst these other ormosils are able to contribute to toughness through a crack 
pinning mechanism, the phenyl ormosil absorbs energy through debonding and promotes 
plastic deformation in the matrix, around and between particles, mechanisms which lead 
to a greater toughness enhancement. 
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Chapter 1 -  Nano-Technology and Composite Materials 
 
1.1 - Introduction 
 
The modification of polymers probably began soon after synthetic polymers were first 
produced.  Modification has had different aims: initially polymers were prohibitively 
expensive and so it was necessary to ‘fill’ them with less expensive, easily available 
materials (such as talc), without having a significantly detrimental effect on the properties 
of the polymers.  The modification of polymers has continued, as the requirement for 
tougher, stronger, lighter materials has increased.  Therefore the modification of polymers 
is an ongoing area of research that has followed many strands.  In the current work, the 
effect of a type of nano-particle on the properties of a polyester resin will be examined.  
The particles in question represent a synergy of two areas of current scientific interest: 
nano-technology and hybridisation.  This introduction will deal with some of the key 
aspects of these two topics in order to establish the current research in context.  Nano-
technology is considered in section 1.2 and hybridisation is addressed in section 1.3.  As 
will be made clear in this introduction, surface properties are extremely important when 
dealing with nano-scale materials, and the reasons for this are discussed in more detail in 
section 1.4.  The aims for the current research are outlined in section 1.5 and this chapter 
will conclude with a summary of the structure of this thesis (section 1.6). 
 
1.2 - Nano-Technology 
1.2.1 - The Field of Nano-Technology 
 
Nano-technology is frequently in the public eye.  The media have portrayed a “nano-
robot” that is envisaged performing surgery from inside the body, although it is unlikely 
that such a robot could ever be made.  This is not to say that nano-technology is not being 
considered for use in the medical sector - silica nano particles (BrachySil, pSivida, BBC 
2004) are being investigated as a drug delivery system to target tumours, for example. 
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The media can sometimes offer a relatively balanced view, with journalists such as Twist 
[2004] providing insightful introductions to the layman into the potential uses of nano-
technology.  Whilst there are hazards that must be carefully thought about, mainly 
relating to the handling of these materials, this is true of all materials and the chemicals 
that are taken for granted in households all over the world.  This is not to say that nano-
scale materials can be considered in the same way as bulk materials - nano-scale materials 
tend to be more reactive than their bulk counterparts for example.  It has been noted that 
nano-particulates can be found in the body at a distance from their point of entry.  This, 
however, is also true of nano-particulates that are produced as side effects of, for 
example, combustion processes.  Such nano-particles have been present in the atmosphere 
for many years (Kirby 2004).  Clearly further research is required in this area to produce 
informed solutions – nano-technology is here and must be accepted, with safeguards 
where required. 
 
When scanning tunnelling microscopy (STM) was developed in the 1980s, it was not 
really considered in terms of nano-technology.  Some of the more well known examples 
(Figure 1.1a and b) were considered to be doodles or simply for advertising/public 
relations purposes.  However, this manipulation has enabled scientific principles to be 
demonstrated.  For example, electrons within the ‘quantum corral’ (Figure 1.1c) are 
affected by the circular structure they are contained within (and their behaviour can be 
predicted by the quantum mechanics model of a particle in a hard-wall box) and hence the 
ripples seen within the circle relate to the density distribution of quantum states within the 
corral (IBM 2005). 
 
   
Figure 1.1 - Examples of manipulation of atoms and molecules by STM 
(a) Carbon monoxide on platinum (111) (b) xenon on nickel (110) and (c) iron on copper 
(111).  After IBM [2005] 
(a) (b) (c) 
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In its broadest sense, nano-technology can be described as anything to do with the 
manipulation of matter such that the measurement of the details of the manipulated 
material is most readily described in nanometres.  For example a silicon chip will 
normally be measured in millimetres; however the cutting edge of silicon chip technology 
will see individual transistors being etched on to silicon wafers and measured in 
nanometres.  Nano-technology can be divided into two methods of production.  ‘Top-
down’ methods start with large components that are subsequently processed to produce 
nano-scale components, such as milled powders.  Alternatively, ‘bottom-up’ processes 
start with molecular scale components that are brought together to produce a nano-scale 
component.  The nano-composite particles to be used in this research are produced in a 
‘bottom-up’ process. 
 
Broers [2005] discusses early applications of the term nano-technology.  In the 1970s the 
term was applied to man-made structures with dimensions of approximately 10 nm.  
These structures, at the time, seemed to have no practical benefit and so the term was 
instead applied to structures that were being developed with length-scales of the order of 
100 nm.  Finally, Broers [2005] suggests that anything concerned with length-scales less 
than 1000 nm (1 µm) can be considered in the field of nano-technology.  In practice it 
will depend upon the application.  MEMS (micro electro-mechanical systems) devices are 
often considered to be within the field of nano-technology because features of the 
individual components are sub-micron in size, although the individual mechanical 
components are much larger. 
 
Nano-scale materials are of considerable interest as there are potential benefits over their 
macroscopic equivalents simply due to quantum effects produced from their size.  The 
“colloidal limit” is (arbitrarily set at) ~500 nm, although Bourgeat-Lami and Lang [1998, 
1999] use this term in the context of silica particles 630 nm in diameter.  Above this size 
it is a relatively easy business to predict a powder’s behaviour as a bulk material; below 
this limit, unusual effects may be observed.  Nano-scale materials come in a number of 
forms and have been investigated for some years for their potential to offer solutions to a 
range of problems. 
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According to the Institute of Nanotechnology, as cited by Twist [2004], some areas of 
current interest include: 
 
• Medical diagnostic tools and sensors  
• Solar energy collection (photo-voltaics)  
• Direct hydrogen production  
• Flexible display technologies and e-paper  
• Composites containing nano-tubes  
• Glues, paints and lubricants  
• New forms of computer memory  
• Printable electronic circuits  
• Various optical components 
 
1.2.2 - Nano-scale modification of materials 
 
The modification of materials by a nano-scale phase is not new.  For example, the 
Lycurgus Cup, dating from the 4th Century AD, has tiny quantities of silver and gold, 
present as nano-particles smaller than 5 nm in diameter, trapped within the glass matrix.  
These precious metals, believed for so long to be inert or near inert, are being shown to be 
highly reactive as nano-particles.  In the case of the Lycurgus Cup, the nano-particles 
cause the Cup to change colour depending on the lighting.  Normally appearing to be an 
opaque green, under direct light the Cup appears to be a deep, translucent red.  This is due 
to surface plasmon resonance (the oscillation of the electrons of the metal nano-particle), 
which absorb the green part of the spectrum (centred at 530 cm-1).  Other properties, 
including chemical, electrical, optical, magnetic, and new applications, such as night 
vision technology, bactericidal wound-dressings and solar cells, are frequently researched 
(Hutson 2005 and Wilton 2005).  The importance of size on surface properties is 
discussed in more detail in section 1.4. 
 
The term nano-composite has a number of uses.  Firstly, a nano-composite may be a 
composite of two components which are of nano-scale.  These nano-composites are 
therefore also a subset of the hybrid group of materials, for example the nano-particles to 
be used in this work.  Secondly, a nano-composite can be a material, for example a 
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polymer resin, that is modified by use of a second, nano-scale, material, such as carbon 
nano-tubes.  The modified polyesters to be examined in this project are also nano-
composites.  The situation, therefore, is that nano-composites have been produced by 
using a nano-composite to modify a polymer. 
 
The meaning of nano-composite can also be considered in a third way.  Nano-composites 
can be the means by which a nano-technology is utilised i.e. making the nano-scale 
component manipulable, as in nano-particles used in magnetic applications (Herzer and 
Warlimont 1992 and Shull and Bennett 1992).  In this case the matrix phase is 
comparatively unimportant.  It serves as a mount for the nano-scale material of interest. 
 
If we consider this third application then this introduction would need to cover a large 
section of the field of nano-technology.  As it is, nano-composites, in the second sense, 
represent a substantial group of materials and will be discussed in section 1.2.3, below.  
Nano-composites of the first type, whilst important, to both the field of nano-technology 
and to the current research, are not relevant to the discussion at this stage.  As mentioned 
in the first paragraph of this section, the particles used in this project are nano-
composites, as well as being hybrids.  The appropriate place to consider these particles is 
therefore in sections 1.3 and 2.4. 
 
1.2.3 - Nano-Composites 
 
In the previous section three uses of the word nano-composite were identified.  This 
section will focus on nano-composites as materials in which a secondary phase of nano-
scale size has been incorporated.  There are three categories of these types of nano-
composites and the classification is based on the number of dimensions of the secondary 
phase that are nano-scaled (Alexandre and Dubois 2000): 
 
1-D – platelets such as those produced from graphite or clays (complex silicates), of 
particular interest to those investigating fire retardancy, optical properties etc. (Gilman 
1999, Porter et al 2000) 
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2-D – Nano-tubes or whiskers, e.g. carbon nano-tubes (an extension of fullerene 
technology), and copper filaments (Zhou et al 1993) 
 
3-D - iso-dimensional (or otherwise) particulates, such as those used for magnetic 
applications (Herzer and Warlimont 1992, Schaefer et al 1992 and Shull and Bennett 
1992). 
 
This terminology contrasts with Giannelis’ [2004], who lists nano-scale materials by the 
number of non- nano-scale dimensions: 
 
0-D – iso-dimensional particles 
1-D – nano-tubes 
2-D – platelets 
3-D – structures, particularly networks, of nano-scale materials, which as a network form 
features that are larger than the nano-scale. 
 
Giannelis’ [2004] outline is useful in that it raises the possibility of networks or similar 
agglomerations of nano-scale materials that might otherwise be overlooked.  However, 
this deals more with the behaviour, as opposed to the physical properties, of the nano-
scale material.  It is likely that in most cases the material would be introduced by the 
number of dimensions that are of nano-scale and then its behaviour in a matrix discussed.  
Giannelis’ [2004] summary is also very intuitive in that it follows, in the critical sense a 
very naïve approach – a full stop is non-dimensional; a line is one dimensional and so on.  
However, these materials clearly occupy a volume and should not be treated as some sort 
of mathematical thought experiment.  The materials occupy volume, therefore they must 
have quantifiable dimensions; if they have quantifiable dimensions then it follows that 
they should be categorised by the dimensions that are nano-scaled rather than by those 
that are not.  It is worth considering Giannelis’ [2004] outline and adding to Alexandre 
and Dubois’ [2000] summary a 0-D network that can be further characterised by the 
individual elements of the nano-scale material. 
 
Nano-composite materials can be made from a wide range of materials including metallic 
particles.  However, carbon nano-tubes and silica/silicates are probably the two most 
investigated areas of nano-composites.  The breakdown of nano-composite related papers 
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presented at the 11th European Conference on Composite Materials (ECCM-11), held in 
2004, is given in Figure 1.2. 
 
 
Silica
13%
Others
27%
Carbon 
nano-tubes
47%
Silicates
13%
 
Figure 1.2 - Breakdown of Materials used in Nano-Composites: Papers presented at 
the 11th European Conference on Composite Materials 
 
 
In the case of the 15th International Conference on Composite Materials (ICCM-15), held 
in 2005, no papers were presented using nano-scale silica.  Instead the bias (twelve out of 
twenty-two papers) was towards other types of nano-scale material with the remaining 
papers being split evenly between carbon nano-tubes and silicates.  The following sub-
sections consider carbon nano-tubes, silicas and silicates further. 
 
1.2.4 - Carbon Nano-Tubes 
 
In structure carbon nano-tubes are similar to graphite rather than diamond.  In fact the 
structure of carbon nano-tube is best described as a graphene platelet that has been rolled 
into a tube and capped with a ½ fullerene (C60, ‘bucky-ball’) at either end.  Unlike most 
other nano-scale reinforcements, carbon nano-tubes represent a tie to more traditional 
(fibre reinforced) composites - the only real difference is that of scale (Thostenson et al 
2001).  As well as showing good properties regarding their use in conventional 
composites, nano-tubes also have a number of other properties that are worthy of 
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mention.  For example, it is believed that the chirality of the nano-tubes can be 
manipulated to produce specific electrical properties. Normally graphite shows semi-
metallic properties; nano-tubes, with careful manipulation can be made to behave in a 
fully metallic manner.  These properties could be utilised in novel composites or 
conceivably could see nano-tubes being used in their own right. 
 
A number of authors have presented data relating to the mechanical properties of carbon 
nano-tubes.  When referring to carbon nano-tubes in general, the Young’s Modulus is 
usually approximated to 1000 GPa or 1 TPa (terapascal).  The majority of calculated and 
measured values are greater than this, although there are some values that are less (e.g. Lu 
1997 and Xie et al 2000).  An assumption of 1 TPa (based on the stiffness of the c-c 
bond) gives a conservative value that should incorporate a safety margin.  It is possible 
that the extremes reported in the literature are due to poor experimental technique, or 
overly pessimistic or optimistic (as appropriate) application of the models derived.  
Carbon nano-tubes are difficult to characterise.  Single-Walled Nano-Tubes (SWNTs) 
have a tendency to form bundles of SWNT (in effect aggregates, since they are all but 
impossible to separate).  With an aspect ratio of anywhere between 30 and 1000, they 
clearly represent an interesting prospect to those wishing to modify composites.  Until the 
problem of dispersion can be resolved they remain, in general, unusable.  Multi-Walled 
Nano-Tubes (MWNTs1) whilst having smaller aspect ratios are currently more utilisable 
since they are easy to disperse: bundles of MWNTs are more like agglomerates rather 
than aggregates.  With a multi-wall system there is more material in which defects can 
occur and so we are less likely to observe the upper limit of strength that fullerene based 
materials are theoretically capable of.  That is not to say that this is impossible, and as 
production techniques improve it is likely that ‘defects’ will be present by choice rather 
than by necessity. 
 
 
 
 
                                               
1
 MWNTs differ from SWNTs in that they are formed from several layers of increasing diameter, whilst 
SWNTs are formed from a single layer. 
Chapter 1 
9 
1.2.5 - Silica 
 
Silicas have been used for many years to modify polymers.  In a nano-particulate form 
they are used as thixotropic agents to modify the flow properties of polymers.  Research 
using silica nano-particles has increased dramatically, however, with the development of 
organic-inorganic hybrids, which are discussed in more detail in sections 1.3 and 2.4.   
 
1.2.6 - Silicates  
 
Layered silicates (i.e. clays) represent a large proportion of research into modified 
polymers.  In terms of nano-technology, the platelets of which the layered silicates are 
formed are scaled on the order of microns in two dimensions and of nanometres in 
thickness.  In general these platelets are strongly self-associated to form what might be 
termed ordered agglomerates.  By interaction with a solvent, which is usually the polymer 
system that the clay will be used to modify, these agglomerates can be dispersed.  
Dispersion here is a relative term.  The most usual result is that the clay is intercalated, 
that is the solvent is able to penetrate the agglomerate but that single polymer layers are 
constrained by the platelets.  Alternatively the platelets may be exfoliated, which is to say 
that the platelets are well dispersed and randomly orientated in the continuous, bulk 
matrix.  Giannelis [1996] provides a useful introduction to the subject of nano-composites 
produced from clays. 
 
1.3 - Hybrids 
 
Hybrid, like nano-composite, is a term that has been used in several different contexts.  
With regard to its application to materials, the term hybrid has been used previously in 
composites technology to describe a material in which two types of reinforcement have 
been used.  This could be simply in the context of two different types of fibres (Bader 
1994) such as a polymer-carbon fibre composite which has been reinforced with Kevlar® 
fibres, or it could be used to describe a material with a particulate phase (Kinloch et al 
1985) which is of different morphology and/or chemistry to the principal reinforcing 
phase.  It could also be used to describe ‘Glare’ (Airbus 2003), which is a composite 
comprising alternating layers of aluminium sheet (0.3 mm thick) and fibreglass that are 
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bonded together.  ‘Glare’ is less prone to metal fatigue; it is 10 % less dense than 
aluminium and on a weight for weight basis it can support a 20-25% increase in load. 
 
The term hybrid is also used in the context of the modification of fibres, by means of a 
surface treatment (other than size, that is the coating applied to fibres to prevent friction 
damage).  The use of a surface treatment allows for control of the level of bonding 
between a matrix and the reinforcing fibres to produce very specific properties (a recent 
example of research in this area is Arbelaiz et al 2005). 
 
In one sense all composite materials are hybrids, but this is a term that is usually taken for 
granted, and is therefore not stated explicitly.  Outside of the field of composites 
technology, the term hybrid has been applied to materials that are produced from 
chemically bonded groups of different chemical character, in particular organic-inorganic 
hybrids.  The subject of organic-inorganic materials is considered in more depth in 
section 2.4.  In particular, types of organic-inorganic hybrids; their applications, and a 
typical production method are introduced. 
 
In the current research the term hybrid can be used in two contexts: a long-term objective, 
which it is hoped will follow from the current research, is to produce a hybridised 
composite, where the matrix phase is reinforced by nano-particles.  In this context, 
however, the particles themselves are hybrids in that they have two distinct moieties: 
organic and inorganic.  In this current thesis however, the term hybrid will only be used in 
the context of the particles. 
 
1.4 - The Importance of Surface Properties of Nano-Scale Materials 
 
Surface properties are of importance in a wide range of materials science applications, 
e.g. adhesion, where the compatibility between an adhesive and the components to be 
joined is of interest, and corrosion, where an alloy may be particularly prone to corrosion, 
though a particular anodising treatment may prevent this.  Surface properties are of 
particular importance to nano-scale technologies, since, whilst the total quantity of 
material is usually unchanged, the specific surface area of the material increases 
drastically.  Table 1.1 exhibits this point.  If we take a sphere, of mass 1 kg, of, for 
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example, silica (fused, the density of which is 2.2 g/cm3), then it is a simple calculation to 
determine the radius of this sphere.  If we fashion this sphere into 10 spheres, then the 
volume remains the same, but the radius decreases by a factor proportional to the cube 
root of the number of particles.  A sample of material with particles of diameter ~10 µm 
will have a specific surface area of ~300 m2/kg. If the size of the particle is reduced to 
~10 nm then the particle will have a specific surface area of ~300,000 m2/kg: the specific 
surface area is also proportional to the cube root of the number of particles.  The bulk 
properties of a material should not be affected.  Whilst the material should be more finely 
dispersed (barring agglomeration), the quantity of material remains the same.  It is of 
course possible that the increasing dispersion may act to limit the effect of the bulk 
properties on the matrix system.  Hence, the effect of the change in scale on bulk 
properties is likely to depend on the property itself.  However, since the volume remains 
the same whilst the surface area increases, a point will be reached when effects due to the 
surface area will dominate and those due to the bulk will become comparatively 
inconsequential.  This situation may seem contrived, but the case is similar when 
considering other geometries. 
 
Table 1.1 – Surface area as a function of particle size  
 
Number of 
particles 
Radius/ nm 
(single object) 
Total Surface 
Area/ m2 
Specific Surface 
m2/g 
1 47.7x106 2.9x10-2 2.9x10-5 
101 22.1x106 6.2x10-2 6.2x10-5 
102 10.3x106 1.3x10-1 1.3x10-4 
103 4.77x106 2.9x10-1 2.9x10-4 
1012 4.77x103 2.9x102 2.9x10-1 
1021 4.77 2.9x105 2.9x102 
Assumptions - each particle is spherical 
- 1kg silica 
- (ρ =2.2 g/cm3) 
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1.5 - Aims and Objectives 
 
Polymer and polymer matrix composites (PMCs) represent an important group of 
materials that are of increasing importance in a number of industries, aerospace among 
them.  With the increasing demand for these materials comes an increasing demand on 
these materials.  Nano-scale materials are being investigated as modifiers for composite 
materials, primarily for properties such as fire-retardancy.  This thesis contributes to a 
hitherto under-researched area, that of nano-scale materials as modifiers of material 
properties such as toughness.  A novel range of silica nano-particles, which are known by 
the term ormosil, an acronym stemming from organically modified silica, have been 
produced by the Chemistry Division, School of Biological and Molecular Sciences 
(SBMS), University of Surrey.  These particles are produced with organic groups at the 
surface of the particle.  The aims of this current research are, therefore: 
 
i. To characterise these particles using surface analysis techniques 
ii. To compare the surface properties of these particles with those of a commercial 
nano-silica particle and those of a polymer system. 
iii. To develop a model for the interaction between the nano-particles and the 
polymer. 
iv. To disperse the nano-particles in the polymer system 
v. To determine the mechanical properties of modified resin systems. 
vi. To develop a model for the fracture of modified polymers. 
 
1.6 - Thesis Structure 
 
This chapter has introduced nano-technology in general and has focussed on nano-scale 
materials in particular.  The importance of surface properties when dealing with nano-
scale materials has been high-lighted.  The concept of hybridisation has also been 
examined, with particular reference to organic-inorganic hybrid materials.  In the 
previous section, a number of aims were presented for this current research.  This thesis is 
concerned with the incorporation of a nano-scale material into a commercial polymer 
system.  In the following chapter, the chemistry and production of the polymer system 
and the nano-particles are reviewed and discussed within the context of similar materials.  
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This chapter will also introduce the two methodologies that will be followed: surface 
analysis and mechanical testing.  These two methodologies will be discussed in terms of 
specific techniques.  As this thesis represents two distinct lines of research, they are 
considered separately, before being brought together.  Therefore, in Chapters 3-5 the 
surface properties will be examined and in 6-8 the mechanical properties will take 
precedence.  Chapters 3 and 4 will consider the thermodynamic and chemical properties, 
respectively, of the nano-particles, with reference to the polymer system.  These chapters 
will present operational details, results and a primary interpretation of the data.  Chapter 5 
will bring the data of Chapters 3 and 4 together and, with an interpretation of the 
combined data, a model of the interaction between the polymer and the various particles 
will be presented.  This model will be considered further in Chapter 8.  Chapter 6 deals 
with the production of nano-composites, that is to say a polymer system incorporating 
nano-particles.  The methods used to evaluate the mechanical properties of the nano-
composites are presented in Chapter 7, with the results being presented in Chapter 8.  
Chapter 8 also presents a model for the fracture mechanism of these nano-composites, 
which draws upon the interaction model developed in Chapter 5.  Finally, Chapter 9 
provides a summary for the thesis, with a number of conclusions that have been drawn 
from the work, with recommendations for the continuation of this work. 
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Chapter 2 - A Review of Particle Modified Polymers and 
Associated Fracture Behaviour 
 
2.1 - Introduction 
 
This chapter reviews relevant work from other researchers concerned with the 
toughening of polymers (primary reinforcement) and PMCs (secondary reinforcement), 
by particulates or other types of reinforcing phase.  This chapter also investigates the 
mechanisms by which toughening is achieved and how these mechanisms are affected 
when the toughening phase is present as secondary reinforcement in a PMC. 
 
In order to understand the fracture mechanisms associated with modified polymers and 
PMCs it is necessary to understand the properties of a typical polyester matrix material 
first.  As discussed in Chapter 1, nano-scale materials are being investigated for a range 
of applications and following consideration of the matrix material there is a discussion of 
the nano-particles that are proposed as a secondary reinforcing phase for this research, 
together with other types of reinforcing phase that have been considered by other 
researchers. 
 
The surface chemistry of these nano-scale particulates and the interaction between the 
particles and the matrix will also be investigated.  There are many techniques that can be 
used to characterise surface chemistry and this review will discuss the relative merits of 
some of these techniques. In particular, inverse gas chromatography (IGC) will be 
presented as a technique that is likely to be appropriate for the present work.  Novel 
applications of more widely used techniques such as secondary ion mass spectrometry 
(SIMS) and x-ray photoelectron spectroscopy (XPS) will also be considered. 
 
Finally, fracture will be discussed, together with the fracture mechanisms that are 
associated with possible reinforcing phases. 
Chapter 2 
15 
2.2 - Polyester 
2.2.1 - Introduction 
 
Despite their relatively low toughness, polyester resins are used widely in composites 
technology, as they are comparatively cheap and easy to work with.  Whilst the brittleness 
of polyesters makes the manufacture and testing of suitable specimens for the 
determination of fracture properties more challenging, it also means that improvements in 
toughness (from the modification of polyesters) are more easily observed.  Since a typical 
polyester resin will be translucent, it is ideal for monitoring crack growth in experimental 
samples.  In the present section some background information on polyesters is given.  The 
chemistry of polyester resins can be divided into three areas: the polyester itself, 
including the chemicals and their reactions; the diluent, used to lend processability, and 
the additives used to improve safety and usability. 
 
 
2.2.2 - Precursor Components  
 
An ester is produced when a diol and a diacid react together and so a polyester is simply 
the repeat of this action to produce a polymer.  In practice the degree of polymerisation is 
generally low, at around 8 – 10 repeat units.  This gives, typically, a molecular weight of 
approximately 2000 (Brydson 1989), although this can in fact fluctuate between 800 and 
3000 (Zaske 1986) depending upon the diols and diacids used in the synthesis.  These 
pre-cure, comparatively low molecular weight chains subsequently react to produce a 
cured product.  In the case of unsaturated polyesters (UPs) this curing process is achieved 
by cross-linking.  This cross-linking is facilitated by an excess of double bonds (the exact 
number being dependent on the diols and diacids used), which are opened by the action of 
an initiator.  The initiator is often an unstable molecule that easily forms free radicals. 
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Figure 2.1 - Condensation Reaction to Produce an Ester 
 
Since UPs are often designed to offer subtly different properties, a range of diols (also 
referred to as glycols) and diacids may be used in the production of a resin.  Panther 
[1994] discusses different components and the reasons for their use in UP resins as well 
as the problems associated with their use.  Glycol units include ethylene glycol (to give an 
increase in chain stiffness1), diethylene glycol (used for the flexibility and toughness that 
it lends to the polymer2), and propylene glycol which is a much used glycol due to the 
overall improvements that it brings to the polymer.  The unsaturated component in UP 
resins is almost invariably a diacid component, and the most common diacid used is 
fumaric acid or its isomer maleic acid, although the latter is more normally used in the 
form of its anhydride.  Fumaric acid is used mainly because of the reaction properties that 
this diacid has with styrene to produce good cross-linking characteristics in the polymer.  
Maleic anhydride is commonly used since this reduces the energy required to produce the 
polymer as the by-product of water is reduced by half for the same molar quantities of 
maleic anhydride and fumaric acid, and as Panther [1994] states, maleate esters isomerise 
to fumarate esters nine out of ten times.  Some UPs use only maleic anhydride or fumaric 
acid (for the benefits of good temperature and chemical resistance), but the subsequent 
high degree of cross-linking from using these diacids can lead to very brittle polymers 
upon curing.  Hence, other diacids (for example the isomers of phthalic acid) are often 
incorporated to reduce the crosslink density, although para-phthalic acid is the least 
popular since, when it is used, the esterification temperature must be raised. 
 
                                               
1
 In excessive quantities this can cause crystallinity, which in turn will reduce the solubility of the polymer 
in styrene. 
2
 The ether group in the centre of the molecule can lead to increased sensitivity to water and a reduction in 
durability. 
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Figure 2.2 - Structure of Some Precursor Components 
(a) (ortho) phthalic acid, (b) fumaric acid, (c) maleic acid (d) propylene glycol, (e) 
ethylene glycol and (f) diethylene glycol 
 
 
Commercial UP resins will, therefore, be a simple, alternating (–A-B-A-B-A-B-) 
structure only in very rare cases.  More usually, the UP will be a random copolymer and a 
repeating unit could be thought of as a reacted diol/diacid.  This will have an ester near to 
the centre of the unit and be capable of further esterification. 
 
 
2.2.3 - The Diluent 
 
The chemistry of polyester resins is strongly tied to their history - Zaske [1986] gives an 
early history of polyester resins.  Prior to World War II it had been found that a) UP 
resins were of high viscosity and b) the curing cycle required long times and high 
temperatures.  These problems could be overcome with a low viscosity monomer, for 
example styrene, Figure 2.3, that would reduce the viscosity of the overall UP.  In the 
case of styrene Carlton Ellis (as stated by Zaske 1986) found that the copolymerisation 
reaction between styrene and the UP will take place at around 20 – 30 times the rate of 
the homo-polymerisation.  Prior to Word War II commercial availability of styrene was 
(a) (b) (c) 
(d) (e) (f) 
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limited and hence even the limited production of polyesters was prohibitively expensive.  
With the realisation that a glass-polyester composite would be ideal for certain aerospace 
applications, however, styrene was produced on an industrial scale, making it, and hence 
UP, much cheaper. 
 
 
Figure 2.3 - Structure of Styrene 
 
 
2.2.4 - Additives 
 
Commercial UP resins will invariably have other additions in the mix which have little to 
do with the overall chemistry of the resin, but can have an effect on how it behaves.  One 
of the biggest problems with the use of styrene as the diluent is its high volatility, so it is 
easy for it to be lost from the resin.  This leads to inhomogeneities in the cured sample, 
but, more importantly this can lead to an unsafe working environment.  Paraffin wax is 
added as a matter of course to most UPs to produce a layer on the surface during curing to 
prevent air from acting as an inhibitor.  If the concentration of the wax is increased 
(Panther 1994 suggests from 50-100 ppm to 500-1000 ppm) then, after very little styrene 
evaporation, the wax becomes insoluble and forms a non-permeable layer on the surface, 
thereby much reducing the evaporation of styrene.  Other examples of commercial 
additions are shrinkage control agents (e.g. Saito et al 1996) and thixotropic agents: 
alkaline earth oxides and hydroxides (e.g. Rodriguez 1990) and hydrophilic silicas 
(Wacker 2002, 2004).  Thixotropic agents may be used to modify the flow properties of 
the resin. 
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2.3 - Reinforcing Phases For Polymers 
2.3.1 - Introduction 
 
This review is concerned primarily with the modification of polymers to produce tougher 
matrices for composite materials.  This, however, is not the only reason for modifying 
composite materials.  The modification of polymers and polymer composites represents a 
significant body of research covering areas such as fire retardancy, reduction of density 
and changes in the mechanical properties, of which toughness is one.  When any 
modification is planned it is necessary to consider a number of factors including 
processing and the potential effect on other properties.  For example, an increase in 
toughness may be associated with a significant reduction in strength. 
 
This section introduces some of the ways in which polymers are modified.  The first sub-
sections will deal with long established modifications leading to the most common ‘filled’ 
or ‘particle-reinforced’ polymers.  Later parts of this section will introduce fibre 
reinforcement and consider some of the methods that have been investigated to increase 
the toughness of polymers, with particular interest in the improvement of polymer matrix 
composites. 
 
2.3.2 - Discrete Phases 
 
Discrete phases represent those components added to polymers and composites that are 
dispersed through the matrix, as opposed to continuous phases, such as continuous fibres.  
Strictly speaking discrete phases fall into two categories: reinforcing and filling.  In the 
introductory chapter of Particle-Filled Polymer Composites, Rothon and Hancock [1995] 
state that: 
 
“Particle-filled polymer composites have a long history...with few reliable 
generalizations... 
 
“...it is still possible to find in a treatise on plastics that fillers are characterised simply 
as inert and reinforcing...” 
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Hence, the term filler is often misapplied in the literature and is often used simply to 
describe a dispersed phase.  This may have arisen because particulates (and some other 
materials such as flax fibres) were originally introduced as fillers simply to reduce the 
cost of expensive polymer components.  In general the term filler is usually used only to 
signify a material that is included so as to reduce the quantity of a more expensive 
component without affecting the overall properties of the material.  This implies that there 
is little or no interaction between the matrix and this component and that there is no net 
benefit to other properties e.g. the toughness.  In the strictest sense, fillers can be used to 
reduce the cost of a polymer, and they may also reduce the mass.  Fillers also include 
those materials added to improve the processability of resins (thixotropic agents) and the 
composite in general (although these may be detrimental to the overall product).  
Milewski and Katz [1978] state that: 
 
“The term ‘fillers’ is very broad and encompasses a very wide range of materials.  In 
order to limit this book to a practical size, we have arbitrarily defined fillers as the solid 
materials that are generally used in reasonably large volume loadings (usually well 
above 5 %) in plastics.  This definition excluded the solid additives used in low 
concentrations, such as lubricants, pigments, catalysts, anti-static agents, and all liquid 
extenders, or plasticizers.  These are important formulation ingredients but are beyond 
the scope of this Handbook.” 
 
Having said that the term filler is often misapplied, this is perhaps understandable as there 
is a grey area between fillers and reinforcing phases.  As the cost of polymers has come 
down and their use has increased, dispersed phases, especially particulates, have been 
more widely used to modify properties.  For example, chopped fibres are often thought of 
as fillers, since whilst they can improve the stiffness and the strength of the polymer 
(usually in an isotropic manner) these improvements are of a much lower magnitude than 
seen in continuous fibre composites.  Also there are reinforcing phases that can be used to 
make the composite harder wearing, give it protection from UV radiation, or reduce the 
flames/smoke generated when the composite is burning, amongst other effects.  Whilst it 
can be argued that these phases are reinforcing, the improvement from these fillers are 
usually smaller than those resulting from reinforcing ‘filler’ phases. 
 
 
Chapter 2 
21 
2.3.3 - Particulate Toughening of Polymers 
 
The incorporation of particulates is a widely used method for the toughening of polymers.  
Combined usage of particulates is large and therefore particulates represent a large area of 
research, although Rothon and Hancock [1995] suggest that this research is still catching 
up with this usage.  Particulates used for the toughening of polymers can be considered as 
two distinct sub-groups - ‘hard’ particulates such as glass particulates (e.g. Spanoudakis 
and Young 1984a, b) and carbon bead, (e.g. Lee et al 1995) and ‘soft’ particulates such as 
rubbers.  Rubber particles can be introduced in a pre-formed manner (e.g. Bascom et al 
1981) or as a liquid which is dispersed in the matrix and is cured (e.g. Rowe et al 1970). 
 
Research also includes work carried out using both types of particulates in one matrix: 
Kinloch et al [1985] investigated an epoxy resin filled with CTBN (carboxyl terminated 
butadiene-acrylonitrile) and glass bead. 
 
Amongst the factors which affect the behaviour of polymers with particulate additives are 
the nature of the particulate material (Kinloch et al 2002), the size and shape of the 
particles (Spanoudakis and Young 1984a, Nakamura et al 1991, 1992, Imanaka et al 
2001) and the strength of the particle/matrix bond (Spanoudakis and Young 1984b, 
Imanaka et al 2001). 
 
2.3.4 - Effect of Nano-Reinforcement on Polymers 
 
Nano-reinforcement is of interest since, as discussed in Chapter 1, when dealing with 
nano-scale objects the surface properties are more significant than bulk properties.  
Another consideration is that where a crack may simply propagate through a larger 
reinforcement, a nano-scale reinforcing agent may be too small to be fractured in such a 
way.  Therefore, a crack is more likely to be diverted or blunted, which will lead to an 
increase in the energy required to propagate a crack. 
 
Recently a number of studies have produced data relating to the properties of matrices 
with nano-scale reinforcement.  Gojny et al [2004] have shown that an 18 % 
improvement in the fracture toughness of an epoxy resin can be achieved by the 
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incorporation of 0.1 wt% of double walled carbon nano-tubes (DWCNTs).  This 
improvement is dependent upon the exfoliation of the DWCNTs, which have a tendency 
to agglomerate during the production process.  Further improvements await the 
development of improved dispersion techniques, since higher loadings are more difficult 
to disperse.  This difficulty in dispersion leads to clusters of nano-tubes which have the 
effect of increasing the viscosity of the resin and impeding workability.  This modified 
epoxy resin has also been observed to have a lower ductility than an unmodified resin; 
this has been attributed to an increase in the cross-linking within the epoxy due to the 
presence of the DWCNTs. 
 
Xu and Lee [2003] have considered a nano-clay for the purpose of shrinkage control.  
This has also had the effect of improving the fracture toughness with a 5 wt% loading of 
an organically modified montmorillonite producing a 30% improvement in the toughness 
of an unsaturated polyester (UP).  The shrinkage control was attributed to microvoid 
formation which may also explain the improvement in fracture toughness.  It was noted 
also that the reaction rate of the modified UP increased.  Xu and Lee [2003] suggested 
that this might be due to an increase in viscosity, but whilst this might have an effect on 
the workability a very real effect is observed in the thermal analysis (differential scanning 
calorimetry), of the curing UP.  The nano-clay was demonstrated to be well intercalated 
by the UP, but was not exfoliated.  In a composite system, fibre impingement is likely to 
prevent the improvement of the properties seen in UP since the nano-platelets of the clay 
are present as intercalated clusters, which are difficult to break down. 
 
2.3.5 - Continuous Fibre Polymer Composites 
 
In describing PMCs, it is usually only continuous fibre reinforced polymers that are 
referred to as advanced composites (Gerstle 1991), since these represent the peak of PMC 
technology.  The three main families3 of fibres used in FRPs are glass, carbon and aramid 
(leading to GFRP, CFRP and AFRP respectively).  Glass fibres are used in many 
applications with demanding specifications where their light weight and associated 
                                               
3
 Where the term family is used to signify a group of fibres which are linked by fundamental chemistry, but 
which might differ in detailed chemistry (glass and aramid fibres) or production method (carbon fibres). 
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comparatively high specific strength combined with a relatively low cost makes them a 
versatile solution to many problems.  Airbus is looking to make significant use of ‘Glare’ 
which uses a GFRP in conjunction with aluminium to produce a composite with 
significant weight saving advantages.  Carbon fibres, whilst more expensive, show better 
properties and are thus in high demand in the aerospace industry, especially for military 
grade components, but also increasingly in civilian applications where a reduction in 
weight can result in significant savings in fuel consumption and hence running costs.  
Aramid fibres are relatively expensive, and hence a pure AFRP is rarely justified.  
However, they give such good properties that their limited use can still give good 
improvements and so aramid fibres are often used in hybrid fibre composites.  Other fibre 
types (for example boron, alumina and silicon carbide) are also available, however they 
represent the minority of use: boron is perhaps the most widely used of these other fibres 
but there are few applications that can justify the expense associated with the good 
properties that boron fibres possess. 
 
2.3.6 - Modification of Matrices for PMCs 
 
Composite materials, in particular FRPs, whilst adequate for the current use to which they 
are put are, like other materials, always capable of improvement.  Specifically, matrix 
materials are often brittle with relatively low toughness properties.  One way to improve 
toughness is by creating a three phase composite material, by incorporating a second 
dispersed phase into the matrix phase.  The nature of the second phase, its shape, size and 
loading will all affect the properties of the matrix.  The modification of PMCs begins with 
the modification of the polymer from which the PMC is derived.  By carrying out these 
initial experiments it is possible to eliminate poor candidates at an early stage.  Research 
into the modification of polymeric materials includes: 
 
i. Addition of thermoplastic powders/particles (Jang et al 1990) 
ii. Addition of an elastomer, e.g. (CTBN, Rowe et al 1970, Scott and Phillips 1975, 
Bascom et al 1981, Kunz et al 1982). 
iii. Addition of rigid particles such as alumina, silica, glass and carbon beads, block 
copolymers (Spanoudakis and Young 1984a,b, Lee et al 1995, Imanaka et al 2001) 
iv. Addition of ceramic whiskers, e.g. silicon carbide (Doran 1993) 
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v. Addition of natural fillers e.g. cotton, wood, cellulose in both particulate and fibrous 
form (Hiljanen-Vainio et al 1998). 
 
One of the key features of work of this type is that when the matrix is modified 
successfully to improve the fracture properties, the improvements, which may be of an 
order of magnitude for the matrix material, are not as successful when applied to the 
composite material.  It has been suggested (at least in the case of CTBN modified 
matrices) that this is due to the suppression of the toughening mechanism as a result of 
constraints imposed by the fibres present in the system (Scott and Phillips 1975). 
 
Garcia et al [1987] suggest a method for determining the maximum practical size and 
loading for a “supplemental reinforcement material”.  This very geometric model (Figure 
2.4) is designed to prevent disruption of the fibre packing, by determining a maximum 
allowable size of the objects representing the secondary reinforcing phase.  Such 
reinforcing materials can lead to a reduction in the mechanical properties of the 
composite due to fibre damage from the reinforcing phase. Also of concern when using a 
secondary reinforcing phase is the filtration of this phase by the fibres.  This can lead to a 
boundary layer being formed which is much weaker than an unmodified resin. 
 
 
 
Figure 2.4 - Micro-Structural Arrangement of a Typical FRP.  
After Garcia et al [1987] 
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Similarly, Rothon and Hancock [1995] discuss the critical spacing of a dispersed phase.  
In this case the effect on the matrix material which interacts with the filler is considered 
(Figure 2.5).  The ‘modified polymer shell’ surrounding a particle may have slightly 
different properties to the bulk matrix.  At low loadings this is not significant, but at 
higher loadings it is possible that the ‘modified polymer shell’ of different particles will 
overlap, forming a continuous phase.  This means that the matrix is now ‘modified’ 
polymer with discrete areas of ‘unmodified’ polymer dispersed through the material, 
leading to properties that are different to those anticipated.  The critical spacing of the 
particles at which this continuous phase of ‘modified’ polymer is formed is ~20-200 nm. 
 
 
Figure 2.5 - Determination of Critical Particle Spacing.   
After Rothon and Hancock [1995]. 
 
2.3.7 - Nano-Scale Modification of PMCs 
 
An example of the use of nano-scale modifiers for PMCs is the work of Miyagawa et al 
[2005].  In this case an epoxy, derived from a biological source rather than a 
petrochemical one, was used as a matrix for a CFRP.  Exfoliated clay platelets that had 
been organically modified were used to make a nano-composite with the epoxy resin.  An 
addition of 5 wt% platelets led to an increase of 0.9 GPa in the storage modulus (at 30 oC) 
of the epoxy system.  It was noted that there was also a decrease in the glass transition 
temperature due to the incorporation of platelets.  The interlaminar shear strength (ILSS) 
was measured for CFRP samples made using a petrochemically derived epoxy, a 
biologically derived epoxy, and for two different loadings of the platelets in the 
biologically derived epoxy (2.5 and 5 wt%).  The ILSS of the biologically derived epoxy 
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was less than that of the petrochemically derived epoxy.  A small decrease in the ILSS 
was also observed in the case of the 2.5 wt% loading, and an increase of approximately 
the same size was observed in the case of the 5 wt% loading. 
 
Nano-scale modification of a PMC has also been carried out by Yaun et al [2005], who 
have examined the properties of a UP resin reinforced with an organically modified clay.  
In this case a 14% improvement in the flexural strength of UP resulted from a 2 wt% 
loading of an organically modified rectorite.  It was noted that fracture surfaces of 
samples of the modified UP were rougher than those of the unmodified resin.  Yaun et al 
[2005] speculated that this would lead to an improvement in the fracture properties.  In 
this case improvements have been seen in an FRP, although higher loadings (greater than 
5%) have shown poorer properties than those of the unmodified FRP.  For this system 
impingement may not present a problem for intercalated nano-clays and the extension of 
Xu and Lee’s [2003] work to FRPs begins to look more promising. 
 
2.3.8 - Summary 
 
This section has introduced the various types of second phase materials that can be 
introduced into a polymer (or the matrix of a PMC) to modify its properties.  Fracture 
mechanisms of polymers, filled, unfilled, toughened and as matrices for composites are 
discussed in more detail in section 2.6.  Before that, candidate nano-material modifiers 
and methods for their characterisation are considered. 
 
2.4 - Candidate Particles for Nano-Scale Reinforcement 
2.4.1 - Organic-Inorganic Hybrids 
 
The term hybrid was discussed in section 1.3.  Here the term is used in the context of 
chemically bonded organic and inorganic groups.  These organic-inorganic hybrids have 
been developed from sol-gel technology and sol-gel processing is discussed in section 
2.4.2.  By modifying this technique it has been possible to produce two classes of 
organic-inorganic hybrid (Mckenzie 1995, Livage 1997, Lebeau and Sanchez 1999): 
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i. Class I – an inorganic matrix with organic groups that are weakly bonded 
(e.g. Van der Waals, Hydrogen).  Invariably this results in the organic 
moiety dispersed within the inorganic matrix and hence a distinction is 
sometimes highlighted between organic groups that are impregnated (added 
after the production of a porous matrix) and those that are entrapped (present 
during the production of the matrix). 
 
ii. Class II – strongly bonded (e.g. covalent) organic moieties of varying 
complexity4.  Again, a distinction is sometimes drawn between those hybrids 
where the organic moiety represents a bridge between discrete particles of 
the inorganic phase and those where the organic moiety is simply a 
termination of the inorganic structure. 
 
The sol-gel technique can be adapted to produce not only bulk materials and films, but 
also particulates, which can be produced at nano scale.  Organic-inorganic hybrids are 
being researched for a number of applications including sensors, Bescher and Mckenzie 
[1998]; optics, Lebeau and Sanchez [1999]; and coatings Kasemann and Schmidt [1994], 
Popa et al [2000]. 
 
2.4.2 - Sol-Gel Processes 
 
Originally sol-gel processing was devised to produce crystalline and glassy oxides at low 
temperature via a chemical route rather than requiring the high temperatures of a ‘casting’ 
route.  Manipulation of the process has led to the production of thin films (e.g. 
Palaniappan et al 2004) and nano-scale materials that can be turned to a number of 
purposes including protective coatings, optical devices, and battery materials amongst 
others (Sporn et al 1995, Mark 1996, Jui et al 2002).  Other benefits include its suitability 
for producing hybrid particles and the ability to modify the production method so as to 
produce very different end products from similar precursors (Novack 1993).  It is known 
                                               
4
 Varying complexity in the sense that the organic moiety may be singularly or multiply bonded to the 
inorganic substrate, or that it may range in size from the low molecular mass (methyl groups) to the large 
(organo-silanes) rather than in the sense of an interpenetrating bi-crystal, such as pearlite (Fe3C/γFe, Hillert 
1962) 
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that the processing parameters can be controlled to influence the dimensions of the end 
product (e.g. Vasconcelos et al 2002).  Stöber et al [1968] developed a method that is 
referred to either as the Stöber or SFB method.  This method was used to produce mono-
disperse, iso-dimensional silica particles.  By controlling the reaction conditions particles 
could be made that were between 50 nm and 2 µm in diameter.  Using ammonia as a 
catalyst, tetra-alkyl silicates were reacted in water to form silica particles.  A derivative of 
this method has been used to produce organically modified silica (ormosil) particles 
(Figure 2.6).  The modified Stöber method used to produce the particles for this research 
is a base catalysed hydrolysis and condensation reaction undertaken in an aqueous solvent 
system.  This hydrolytic method produces particles with a small size distribution and 
good iso-dimensional properties (Arkhireeva and Hay 2003).  Investigations are 
underway examining a non-hydrolytic method (where silicon halides are reacted with 
oxygen donors, for example alkoxides or dialkyl ethers, which is beneficial with respect 
to the use of solvents, and a product with fewer residual silanol groups.  Disadvantages, 
which current research is attempting to over-come, include the more amorphous structure 
to the particles produced and the larger size distribution. 
 
 
 
 
Figure 2.6 – An Example of Ormosil Particles  
(a) ethyl and (b) phenyl, both produced by the (hydrolytic) sol-gel process. After 
Arkhireeva and Hay [2003] 
 
 
a b 
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2.4.3 - Other Production Processes 
 
Other production processes for the production of nano-scale materials include derivation 
from bacteria, Chow et al [1993]; mechanosynthesis i.e. direct synthesis through ball-
milling, Matteazzi et al [1993]; ‘hybrid’ techniques, e.g. pyrolysis followed by liquid 
phase sintering, Dreßler et al [1995]; vacuum evaporation, Akamtsu and Deki [1997]; 
cluster induced crystallization, Dutta et al [1997]; chemical grafting, Bauer et al [2001]; 
and precipitation, Chen et al [2003a], Żurawska et al [2003]. 
 
Alternatively, the particles can be produced (using the sol-gel technique) by a method 
which has been termed in situ.  For example, Kinloch et al [2003] have used ‘Nanopox’ 
(Hanse Chemie AG) to modify epoxy resins.  ‘Nanopox’ is an epoxy resin in which silica 
nano-particles have been synthesised, and from which the required solvents have 
subsequently been removed.  This represents an opportunity to achieve well dispersed 
particles without the intermediate steps of drying and dispersion, which can be 
complicated by aggregation and agglomeration.  A possible drawback to a product like 
‘Nanopox’, however, is the potential effects on the chemistry, both of the matrix system 
and of the curing process.  The production of ‘Nanopox’ is commercially sensitive, and 
the company website is not forthcoming with information regarding this process.5  It must 
therefore be assumed that the production method has been designed such that epoxy is 
unaffected by the sol-gel synthesis of the particles and the subsequent removal of the 
solvents.  Even allowing for this assumption, there are still concerns over the effect of the 
epoxy solvent on the resin system in which it will subsequently be dispersed.  These may 
in fact be trivial concerns, but at this time these concerns do not seem to have been 
addressed. 
 
Choice of technique of course depends upon the material of interest, as well as the end 
result desired: most of the above techniques could not be used to produce a modified 
particle. 
 
In the next section, methods for characterising the surface properties of materials are 
considered. 
                                               
5
 http://hanse-chemie.com, as of 2005 
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2.5 - Techniques for Characterising the Particle/Matrix Interface 
2.5.1 - Surface Properties 
 
The characterisation of the particle/matrix interface relies on an assessment of the surface 
chemistry and morphology based on the evaluation of the surface properties.  
Fundamentally, the answer to the question ‘what is a surface?’ must be considered: a 
surface is the interface between a solid and a gas.  If we take a solid material in air as an 
example then the surface that we examine is not the surface of the material, it will in fact 
be a layer of adsorbed chemicals such as water, adventitious hydrocarbons and other 
contaminants.  These will act to decrease the surface energy of the material and modify 
chemical properties.  This is not the true surface of the material, however.  These 
contaminants are only physically bonded to the surface rather than chemically bonded and 
so may be (relatively) easily removed.  Clean metal surfaces will spontaneously develop 
an oxide layer of a few nanometres (The Mott thickness), that is generally speaking 
advantageous since it may act to reduce or prevent further corrosion.  When attempting to 
determine the surface properties of a metal this can prove problematic if the intention is to 
understand the properties of the metal rather than the state in which it is usually found 
since, in this case it is generally the properties of the oxide layer that are quantified rather 
than the properties of the metal.  Special precautions are therefore required to examine 
metals. 
 
In the broadest sense a surface property is one that can be measured by dealing only with 
the surface of a sample, such that the surface could be removed from the bulk sample and 
still produce the same results.  In essence a surface property is one which results from the 
interaction of the sample with the environment.  The following parameters are generally 
considered to be surface properties: 
 
• Surface free energy, γ 
• Acid-base properties 
• Hydrophobicity or -philicity. 
 
Chapter 2 
31 
A surface can also be considered by its interactions with an adsorbate: for example the 
free energy of adsorption, ∆G, and the energy released when an adsorbate is adsorbed 
onto a surface i.e. the enthalpy of adsorption, ∆H.   
 
2.5.2 - Techniques for the Determination of Surface Properties 
 
Surface properties may be determined in a number of ways.  Fowkes [1990] examines ten 
techniques that have been used for the characterisation of acid-base properties of liquids 
and solids: 
 
• Calorimetry including flow microcalorimetry 
• Fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) 
spectroscopies. 
• Contact Angle Studies 
• Adsorption isotherms by ellipsometry 
• Indicator dyes 
• IGC (inverse gas chromatography) 
• XPS (x-ray photo-electron spectroscopy) 
• Zeta potentials and charge injection 
 
while Ashton and Briggs [1995] highlight five techniques for determining surface 
properties of particulate fillers: 
 
• Flow microcalorimetry 
• IGC 
• XPS 
• SIMS 
• FTIR spectroscopy. 
 
Of course, whilst all these methods may be used to evaluate surface properties, it is 
important to consider both the material under consideration and the properties that one 
wishes to evaluate.  For example McFadyen and Fairhurst [1993] state that: 
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“Zeta potential is therefore a function of the surface charge of the particle it is not, as is 
all too often erroneously stated, itself the surface charge...” 
 
Hence, zeta potentials are specific to the solid and dispersion medium.  However, it is 
possible to determine the iso-electric point of the solid surface (IEPS) which is a material 
constant.  The problem with both zeta potentials and charge injection is that whilst they 
can be used to monitor changes in acid-base characteristics it is not possible to quantify a 
surface thermodynamic character such as γs, the surface free energy. 
 
Calorimetric methods are limited in what they can achieve, particularly in the context of 
acid-base properties, since non-inert chemicals (that is to say, chemicals with self 
association) cannot be used: calorimetric methods have their place, but in this case are not 
suitable. 
 
Surface structure can of course affect surface properties: when considering surface 
properties it is usual to consider the chemical characteristics of the surface, but these 
chemical properties are to some extent determined by the relation of surface groups to the 
bulk.  Techniques such as optical microscopy, scanning electron microscopy (SEM), 
possibly with energy or wavelength dispersive x-ray  analysis (EDX and WDX 
respectively) and transmission electron microscopy (TEM) should not be overlooked 
since they can provide valuable information regarding surface morphology, distribution 
of elements and bulk morphology (e.g. crystallography).  These techniques are 
complementary since they deal with different depths of analysis. 
 
Gas chromatography (GC) is a widely used technique, and even IGC has a significant 
body of literature, but this technique is less often applied in the field of composite 
materials and so a more detailed review is necessary (section 2.5.3).  In the context of 
suitable techniques for the determination of surface properties, however, IGC is a 
valuable tool.  Whilst techniques such as contact angle measurement can provide very 
precise values of surface free energy, they are somewhat limited.  For example Padday 
[2005] discusses the hysteresis that may be observed in the contact angle if rough, porous 
or heterogeneous surfaces are examined.  In these cases it is necessary to determine the 
degree of rugosity or the size and quantity of the pores.  If these are both limited, then 
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contact angle methods may be attempted, with the knowledge that hysteresis is likely to 
be observed.  If the rugosity or porosity is great, then contact angle methods are unlikely 
to be suitable.  In either case other methods should or must be considered.  For example 
Voelkel [2004] favours IGC over contact angle methods for the assessment of porous 
materials.  As well as being able to determine the surface free energy of a material, IGC 
can be used to characterise the acid-base properties of a surface, which can be 
complicated if a material has several different functional groups, since the different 
functional groups will have different strengths of interaction.  IGC can also be used in 
that case (complementing other techniques) to show the structure of the surface – if a 
material is known to have certain functional groups but displays a certain acid-base 
characteristic it can be shown that a particular functional group is shielded from the 
surface.  Comard et al [2002a,b] have investigated the heterogeneity of the surface of talc, 
whilst Sun and Berg [2003a,b] have studied the variations in mixed materials.  In their 
research Comard et al [2002a,b] were able to cap high energy adsorption sites so that 
probes interacted with lower energy sites.  Two criticisms that might be directed at this 
work are that (a) the papers do not appear to consider the interaction of the probes with 
the surface modification and (b) the research seems to assume that the surface area/filler 
particulate size will remain constant during the modification process.  With regard to the 
latter problem, it is perhaps conceivable that intercalation or exfoliation of the talc by the 
polymer is an issue that should be addressed, since this process could have a non-trivial 
effect upon the data that are presented. 
 
Vagner et al [2003] have analysed IGC data using LSER (linear solvation energy 
relationship) techniques, which can be used to examine molecular interactions between 
probes and adsorption sites.  This technique allows for the assessment of the level of 
interaction between the probe and the surface through electron acceptor and donor sites.  
In some cases a correlation can be shown between the free energy of adsorption due to the 
acid base interaction between a probe and the surface of interest, ∆GaAB, which Vagner et 
al [2003] term ∆GaSP, and components of the LSER equation. 
 
XPS and SIMS are complementary tools that interrogate the surface in different ways.  
Sometimes the information that they produce leads to the same result via different routes, 
providing a useful cross-check.  Auger electron spectroscopy (AES) is also a useful tool 
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for the examination of surfaces but is primarily used for examining metals and metal 
oxides since polymers and other organic materials are easily damaged, and can become 
charged leading to distortion of both the spectrum and the electron beam. 
 
Bauer et al [2001] used MAS NMR (magic angle spinning nuclear magnetic resonance) 
and DRIFT (diffuse reflectance infrared Fourier transfer) spectroscopy to investigate 
coupling agents that had been grafted to the surface of silica nano-particles, i.e. pre-
formed silica nano-particles were chemically treated as opposed to the synthesis of 
modified particles.  This investigation led the researchers to conclude that the coupling 
agents encapsulated the silica particles, shielding the remaining silanol groups from 
analysis and interaction.  Chen et al [2003b] characterised similar particles using a range 
of techniques.  Aqueous electrophoresis, dynamic light scattering (DLS), thermo-
gravimetric analysis (TGA), XPS, SEM, helium pycnometry, and DRIFT spectrometry 
were used to compare four types of modified silica nano-particles.  The conclusion was 
that the cationic graft resulted in a ‘smooth’ surface morphology (continuous surface 
layer) whilst the anionic graft resulted in a ‘raspberry’ surface morphologies (discrete 
areas of bonded organic groups like raspberry seeds).  This was attributed to a difference 
in Tg between the different grafts.  Aqueous electrophoresis is not of interest to this study 
since it was used to assess the colloid stability, which is not necessary for this work.  
Again, DLS and helium pycnometry are not relevant to this study, as they were used to 
determine the particle diameters and density respectively, which in this case have been 
determined prior to this research (Arkhireeva and co-workers 2003, 2005).  An IR 
technique has been used and will be discussed at the appropriate point in the text. 
 
2.5.3 - Inverse Gas Chromatography 
2.5.3.1 - Chromatography 
 
A number of very detailed reviews of the early work in the field of chromatography, 
leading to the development of GC have already been written (Purnell 1962, Szepesy 1970 
and Jennings 1987).  This review will seek to précis these reviews and point out key 
milestones without becoming lost in a field that Szepesy [1970] suggests produced around 
10,000 papers in a four year period ending in 1967.  Clearly this is a well researched field, 
although the majority of these papers will have little or no bearing on this review since 
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they relate to other forms of chromatography.  Important milestones will be highlighted 
(the dates refer to the year of publication): 
• 1897 - Day illustrates his research into the separation of crude oil in the crust due 
to different rock formations with a practical demonstration (using fullers’ earth 
and crude oil) but does not follow up on this work, discuss it in great detail or 
name his technique. 
• 1906 - Tswett separates components of plant extracts using a packed column and 
petroleum ether as a solvent. The resulting coloured bands give rise to the 
nomenclature of chromatography, although many chromatographic techniques are 
based on colourless materials or on observing effects which cannot be quantified 
in terms of colour6. 
• 1931 - Following a hiatus in the field of chromatography, Kuhn, Lederer and 
Winterstein ‘rediscover’ the technique. 
• 1941 - Martin and Synge carry out pioneering work in the area of Liquid-Liquid 
Chromatography.  They also suggest that the mobile phase does not have to be a 
liquid, but could instead be a ‘vapour’. 
• 1952 – James and Martin develop Martin’s concept for using a gas instead of a 
liquid for the mobile phase (gas-solid chromatography). 
• 1954 - Martin and Synge awarded the Nobel Prize for their work 
• The 60’s see a significant increase in work in the field of gas chromatography: 
Purnell [1962] states that up to 1962 approximately 2000 papers had been 
published, whilst Szepesy [1970] states that this number increased to 15,000 by 
the end of 1967. 
 
2.5.3.2 - Surface Properties Derived by Inverse Gas Chromatography 
 
The field of chromatography is a wide one taking in a number of techniques that belies 
the literal meaning of the word ‘chroma’, colour.  Inverse chromatography is an 
application of chromatography, where the solid material (the stationary phase) is of 
interest rather than the mobile phase.  The mobile phase can be either liquid or gas 
                                               
6
 It has been observed that Tswett appreciated the extent to which the technique could be applied, but could 
not resist the pun based on his name, since Tswett means colour in his native language of Russian. 
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although Theilmann [2004] suggests that the majority of research concentrates on IGC 
with comparatively little interest in ILC (inverse liquid chromatography), although, of 
passing interest to this review, is Piątkowski et al’s [2003] examination of the porosity of 
particles utilising ILC.  Of slightly more relevance is Perruchot et al’s [2002] use of ILC 
in the investigation of silica-polypyrrole composites.  The purpose of this part of the 
literature review is to discuss the applicability of this technique to the study, and in 
particular to its use to determine the properties that we might expect to use to characterise 
a surface, such as surface free energy, γ,  and acid-base characteristics such as the specific 
interaction parameter, -∆GAB.  The surface free energy of a material can be broken into 
constituent parts; such as γsd, the surface free energy due to dispersive forces (non-polar 
interactions). 
 
IGC can be used to compare the surface free energy of different materials (e.g. a range of 
conducting polymers, Chehimi et al 1999); the same material in different forms e.g. 
different silicates, Saada et al [1995]; graphite, carbon black and fullerenes, Papirer et al 
[1999]; different forms of silica, Papirer et al [2000]; or simply to characterise the surface 
of a material as acidic or basic, e.g. Perruchot et al [1997].  The change in surface free 
energy due to the modification of the sample’s surface has also been investigated e.g. 
Voelkel and Krystztafkiewicz [1998]. 
 
2.5.3.3 - IGC Applied to Composite Materials 
 
IGC has previously been used to examine glass fibres, Saint Flour and Papirer [1982a,b, 
1983], Papirer et al [1988]; carbon fibres, Vickers et al [2000], Asten et al [2000]; aramid 
fibre, Asten et al [2000]; and, perhaps most relevantly to this project, kaolin filled 
polyethylene, Ansari and Price [2004]; and polypyrrole-silica nano-composites, Perruchot 
et al [1997].  In all these cases IGC was used to show how modification of the material of 
interest or a difference between two similar materials (e.g. different surface treatments of 
the same fibre) can lead to a change in the surface properties.  For example Saint Flour 
and Papirer [1983] and Vickers et al [2000] investigated the change in the energy of the 
surface of the fibres due to surface treatment, whilst Ansari and Price [2004] showed that 
a secondary processing procedure led to a reduction in the surface free energy of the 
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kaolin, which was matched by an improvement in the performance of the filled 
polyethylene. 
 
2.5.3.4 - Summary 
 
Subsection 2.5.3 has introduced the technique of IGC and has demonstrated its 
applicability to composite materials and to nano-scale materials (such as carbon black, 
fullerenes and polypyrrole-silica nano-composites.  IGC is an important technique for the 
determination of thermodynamic properties.  The characterisation of a surface is also 
dependent on other properties, however.  In the following sub-section, adsorption 
isotherms are introduced as a technique for describing the interaction of an adsorbate with 
a surface. 
 
2.5.4 - Adsorption Isotherms 
2.5.4.1 - Introduction 
 
Sorption, although the word is infrequently used, is a general term for the study of both 
adsorption and absorption.  Absorption deals with the penetration of a bulk by a second, 
more dispersed substance, whereas adsorption is the bonding of this second substance to 
the surface of the bulk.  The reverse of the adsorption process is desorption.  The word 
adsorption is often used to describe the overall, net effect of opposing adsorption and 
desorption processes (Gregg and Sing 1967). 
 
Indirectly, the adsorption of a substance onto a solid can yield data about the solid such as 
functionality, porosity and surface area.  Studies can also be carried out to examine 
preferential adsorption (in a multi-adsorbate environment) as well as examining the 
nature of the bonding between the adsorbate and adsorbent.  Roe [1980], for example, 
discusses the effect of both the molecular weight and the functionality of polymers in 
relation to preferential adsorption. 
 
In this instance the adsorption of polyester onto silica (modified or not) will yield 
information as to the level of interaction between the adsorbent and the adsorbate, which 
can be related to the surface chemistry of the various silicas.  In turn it should eventually 
Chapter 2 
38 
be possible to quantify the effect a particular modification will have and predict the level 
of interaction and bond types between a particular ormosil and a given resin system. 
 
Adsorption isotherms are a useful tool for examining the interaction between an adsorbate 
and adsorbent and its application will be discussed in the following sub-sections. 
 
2.5.4.2 - Chemisorption and Physisorption 
 
Whilst detailed information relating to areas such as porosity and surface functionality 
can be extracted from adsorption experiments, the first step in understanding the results is 
determining what kind of adsorption is taking place.  There are two modes of adsorption, 
chemisorption and physisorption - in each case the term indicates the nature of the 
bonding between the adsorbent and the adsorbate (Gregg and Sing 1967, Adamson 1990).  
Fowkes [1989] states that: 
 
“It appears more appropriate to include all hydrogen bonds and other acid-base bonds in 
the chemical classification, no matter how weak, for these bonds involve specific orbitals, 
bond lengths and bond angles.  In contrast van der Waals forces fall off smoothly with 
distance and do not involve bond angles, so they might well be referred to as physical, 
even though in some cases their magnitude can exceed the strength of hydrogen bonds.” 
 
Hence, physisorption is brought about by interactions such as van der Waals forces: 
whilst the enthalpy of adsorption can in some cases be quite high, when looked at in the 
context of the whole system, by comparison, the bonding is relatively weak and can easily 
be displaced.  By contrast, chemisorption reactions are due to more specific bonding such 
as hydrogen bonding.  This leads to a much more permanent bond: whereas the original 
focus of sorption studies looked at the condensation of gases on free surfaces, the study of 
chemisorption shows that there can be a change in the chemistry of the system, so that, 
for example oxygen (O2) does not simply condense on the surface but rather reacts so that 
individual atoms are bonded to the surface. 
 
The key characteristic is therefore the type of bonding or interaction observed between 
the adsorbent and adsorbate.  This difference can be observed through the enthalpy of 
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adsorption, but can also be seen in other properties.  In general physisorption reactions are 
easily reversible and tend to reach equilibrium rapidly.  Physisorption reactions are also 
more likely to see multiple adsorption layers, with new layers being adsorbed before the 
completion of the first layer.  Chemisorption reactions tend to take longer, are difficult to 
reverse (although they still reach equilibrium, this process takes longer than in 
physisorption reactions) and tend to be restricted to monolayer coverage. 
 
The two sorption types can also be compared by the effect of temperature upon their 
respective processes.  In the case of the weakly bonded physisorbed species, the rate of 
desorption will increase more than that of the rate of adsorption leading to a net decrease 
in adsorbed species.  In chemisorption, the opposite is true and whilst eventually the 
actual interface may break down and become gaseous (oxygen bonded to carbon for 
example will be given off as CO and CO2), the overall effect of an increase in 
temperature will be to increase the rate of adsorption, with less effect on the rate of 
desorption, leading to the quicker achievement of monolayer coverage. 
 
As mentioned above, the type of bonding can be deduced by comparing a number of 
factors, including the enthalpy of adsorption (∆Hads).  Atkins [1994a] states that the 
traditional criterion in this respect is that values less negative than -25 kJ mol-1 are due to 
physisorption and those more negative than -40 kJ mol-1 are due to chemisorption with a 
somewhat grey area in-between, but also cautions that modern research shows that whilst 
it remains a good rule of thumb it is by no means a hard and fast rule.  Again, speaking 
generally, most physisorption processes will show ∆Hads of less than -20 kJ mol-1 whereas 
most chemisorption reactions will have enthalpies of adsorption that are at least an order 
of magnitude higher, i.e. more negative than -200 kJ mol-1.  Fowkes [1989] proposes an 
arbitrary value of -84 kJ mol-1 as an upper limit for the heat of interaction as a result of 
physical interactions.  It is however possible to see enthalpies of adsorption for 
physisorption that approach -200 kJ mol-1 and values for chemisorption that are as low as 
-20 kJ mol-1 and so it is important to study the whole system and other characteristics 
before assigning a sorption process (Atkins 1994a).  Some examples for the enthalpy of 
adsorption for some physi- and chemisorption processes are presented in Table 2.1. 
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Table 2.1 - Examples of Enthalpies of Adsorption for Physisorption and 
Chemisorption Processes 
Physisorption 
(maximum observed enthalpy of adsorption  
(kJ mol-1) for selected gases) 
Chemisorption 
(maximum observed enthalpy of adsorption  
(kJ mol-1) for selected gases on metals) 
H2 -84 O2 on Mo -720 
H2O -59 N2 on Ta -586 
Cl2 -36 C2H4 on W -427 
C2H4 -34 O2 on Pt -293 
N2 -21 H2 on Ta -188 
O2 -21 H2 on Mn -71 
Source: Haywood and Trapnell [1964], as cited in Atkins [1994b] 
 
2.5.4.3 - Adsorption Models 
 
Do [1998] shows the applicability of more than 20 different isotherms, although some, 
such as the Volmer isotherm, are shown simply to be variants, or special cases, of more 
familiar isotherms such as the Langmuir isotherm. 
 
The simplest type of isotherm relates to monolayer coverage (i.e. chemisorption) and in 
its simplest form can be analysed using either the Langmuir isotherm or the BET Type I 
isotherm (since in this special case the two can be treated as interchangeable).  Since the 
Langmuir model is the simpler of the two, it is the starting place for the analysis of 
monolayer isotherms.  The foundation of the Langmuir isotherm is the Langmuir 
equation: 
 
Bp
Bp
+
=
1
θ      2.1 
 
where θ is the fractional coverage (which may be defined in a number of ways, but is in 
essence a measure of the adsorption achieved as a proportion of the total adsorption 
possible) and a function of the volume of an adsorbed gas, p is the equilibrium pressure 
and B is a constant at room temperature (B=B0e(Q/RT), where B0 is a frequency factor and 
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Q is the enthalpy of adsorption).  This equation can be rewritten based on the type of 
experiment carried out, but will take this general form.  By re-expressing it as: 
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where Γ is a more general term (than the volume implied by θ) and Γm is the monolayer 
coverage, it is possible to plot the adsorption data such that a straight line with a gradient 
of 1/Γm and an intercept of 1/BΓm is produced.  This is dependent upon the fulfilment of 
the Langmuir model: Watts and Castle [1999] list the following assumptions: 
 
1. a site can be empty or occupied 
2. adsorption cannot proceed beyond monolayer coverage 
3. all adsorption sites on the substrate are equivalent (and the surface is even, i.e. flat 
at a microscopic level). 
4. the adsorption at a particular site is not influenced by the occupation (or 
otherwise) of neighbouring sites. 
 
If the Langmuir model is valid then it is possible to derive a value for the enthalpy of 
adsorption (-∆Hads) from the data.  Assumptions made by the Langmuir model are not 
always valid, however, and more complex models of chemisorption are required to 
describe the isotherm.  For example, the enthalpy of adsorption is not always constant.  
There are two models that seek to take this into account.  The Temkin model assumes that 
-∆Hads varies linearly with the fractional coverage, such that the sites of greatest enthalpy 
of adsorption are filled first: 
 
θ = A1lnC.A2          2.3 
 
where A1 and A2 are constants.  The Freundlich model takes this a step further and 
assumes that the enthalpy of adsorption varies exponentially such that the distribution of 
adsorption sites is modelled by : 
 
f(-∆Hads) = αe(∆Hads/RT)        2.4 
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and the fractional coverage is described by: 
 
θ = αC1/n        2.5 
where α and n are constants. 
 
2.5.4.4 - Adsorption from the liquid phase 
 
The study of adsorption from the liquid phase is more recent, and can be slightly more 
complicated than adsorption from the gas phase as the adsorbate will be in liquid solution.  
This may lead to competitive adsorption between the solvent and solute (Watts and Castle 
1999): this is a complicated matter due to the various possibilities for acid-base and other 
interactions between solvent, solute and adsorbent as shown by Abel and co-workers 
[1995, 1996].  With care it is possible to minimise these complications, by choosing a 
solvent that will interact minimally with both the adsorbent and the desired adsorbate 
(Fowkes and Mostafa 1978).  Apolar solvents such as toluene and carbon tetrachloride are 
often used for this purpose.  Toluene is used more often as it is the safer of the two, but it 
is sometimes necessary to examine the solubility of the adsorbate in the solvent as well 
which may require a solvent other than the two suggested here, and one that is, 
potentially, more dangerous.  Traditionally, liquid adsorption techniques monitor the 
uptake of the adsorbate on the adsorbent by measuring the depletion of the adsorbate in 
the solution.  XPS and SIMS techniques represent an improvement over these techniques 
as it is the adsorbate on the adsorbent that is measured, which eliminates sources of error 
such as loss of the adsorbate during the measuring process. 
 
When examining adsorption from the liquid phase it is necessary to deal with relative 
values, and so equation 2.2 is modified thus: 
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where c is the solution concentration and x is the uptake.  This equation may then be 
further modified due to the technique used to determine the uptake.  For example in ToF-
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SIMS experiments the uptake is quantified by examining the relative peak intensity (RPI).  
This is treated in more detail in the sections relating to particular techniques. 
 
2.5.5 - Summary 
 
This section has introduced a number of techniques that are used to evaluate the surface 
properties of materials.  From these techniques, a selection of those techniques that can 
best be applied to the materials investigated in this current work has been made.  These 
will be discussed further in Chapters 3 and 4. 
 
2.6 - Fracture Behaviour of Modified Polymers 
2.6.1 - Introduction 
 
The failure mechanism is an important part of understanding the deformation and fracture 
behaviour of a material.  By understanding the growth of cracks in a material it is possible 
to determine the best method for circumventing crack initiation and growth.  By 
combining the data produced from mechanical testing with the results from the 
investigation into the surface properties, it will be possible to determine the effect of the 
particles upon the polymer system and the changes in the fracture mechanism.  By 
modelling the fracture mechanism in this way it will be possible a) to predict the effect 
particles will have on a composite system and b) to begin to make predictions as to the 
best form of surface modification for a given polymer system.  It has already been noted 
that previous attempts to enhance the toughness of polymers by incorporation of a second 
phase have been successful, but when these attempts have been made on composite 
systems the toughening effect of incorporated modifiers has been less significant. 
 
2.6.2 - Background to Fracture 
 
In order to understand fracture mechanisms, it is necessary to take a step back and 
consider the event of fracture: in other words, the effect that is observed (fracture) rather 
than the cause (fracture mechanisms).  This thesis will follow the definition of fracture 
used by Andrews [1968]: 
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“By fracture we mean the creation of new surfaces within a body…The definition as it 
stands does not specify how the creation of new surfaces is effected...” 
 
Andrews [1968] also specifies that this definition means that whilst some words (e.g. 
“rupture”) could be used interchangeably with  fracture, “failure” is a word that simply 
indicates that a component or test piece can no longer be used for its original purpose, 
with additional information being required to specify how failure occurred.  Equally, 
“cracking” is not interchangeable with fracture since whilst it clearly involves fracture, 
there are other forms of fracture which have nothing to do with cracking.  In fact, 
Andrews [1968] proposes six separate forms of fracture: 
 
I. Fracture under direct loading 
II. Crack propagation 
III. Fatigue 
IV. Creep Fracture (Static Fatigue) 
V. Wear (abrasion) 
VI. Environmental (stress corrosion cracking) 
 
Andrews [1968] treated crack propagation as a separate issue so that he could raise the 
particular points of notch sensitivity and high speed fracture.  Notch sensitivity is an 
extremely important factor in some materials (which are in turn termed notch sensitive) 
since the concentration of stress caused by a sharp notch or crack can cause failure at 
relatively low loadings. Of the above list, the most relevant forms of fracture to this study 
are I and II.  Crack propagation contributes to fracture under direct loading, and so this 
study is in fact interested in a combination of I and II rather than a separate analysis of 
each. 
 
In the next sections the theoretical background to fracture and fracture mechanics are 
considered. 
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2.6.3 - Pre Griffith Concept 
 
Lawn [1993] summarises the state of knowledge in the early part of the last century (i.e. 
prior to Griffith’s work) as being based on the concept of any given material having a 
particular strength.  Hence, Griffith [1920] states: 
 
“According to these hypotheses rupture may be expected if (a) the maximum tensile 
stress, (b) the maximum extension, exceeds a certain critical value.  Moreover, as the 
behaviour of the materials under consideration, within the safe range of alternating 
stress, shows very little departure from Hooke’s Law, it was thought that the necessary 
stress and strain calculations could be performed by means of the mathematical theory of 
elasticity... 
 
“...Thus, on the maximum tension hypothesis, the weakening of, say, a shaft 1 inch in 
diameter, due to a scratch one ten-thousandth of an inch deep, should be almost exactly 
the same as that due to a groove of the same shape one hundredth of an inch deep... 
 
“...These conclusions are, of course in direct conflict with the results of alternating stress 
tests... 
 
“...To explain these discrepancies, but one alternative seemed open.  Either the ordinary 
hypothesis of rupture could be at fault to the extent of 200 or 300 per cent., or the 
methods used to compute the stresses in the scratches were defective in a like degree.” 
 
Hence, the common theories of the early years of the 20th century regarding the rupture of 
materials had started to come into disrepute, due to non-reproducibility of results and 
variations in results developing from variations in test conditions. 
 
The ‘Molecular Theory of Strength’ (based on the energy required to separate two atoms 
so that they no longer interact) suggests that the stress at fracture (or fracture strength), 
σmax, is given by:  
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            2.7 
 
where E is the Young’s Modulus, γ is the surface tension, and b0 is the inter-atomic 
spacing.  This typically leads to predicted strengths of ~E/10.  In practice it was found 
that the stress at fracture was much lower at ~E/1000.  This is approximately two orders 
of magnitude lower than predicted.  Griffith [1920] was the first to propose a theory to 
explain this discrepancy. 
 
Another important contribution to early work was an analysis by Inglis [1913] which 
showed the effect of stress concentration by elliptical cut outs7 in uniformly stressed 
plates.  Whilst the mathematical treatment provided by Inglis [1913] was significant it 
begged the question of why large cracks were more detrimental than smaller cracks 
despite the apparent size-independence of the stress concentration factor. 
 
2.6.4 - The Griffith Concept  
 
Griffith’s contribution to the field of fracture mechanics was two-fold.  Firstly, whilst 
Inglis [1913] proposed that a crack could be treated as an almost infinitely thin ellipse, 
with the associated stress concentration at the crack tip, it was Griffith who proposed that 
materials might contain flaws or defects for which the Inglis solution might be applicable.  
By noting the discrepancy observed between real and theoretical fracture stresses in 
brittle materials, Griffith determined that in specimens that had no readily observable 
cracks or surface damage, a defect of microscopic size and the associated stress 
concentration would account for the discrepancy observed (Knott 1973, Lawn 1993). 
 
Secondly, Griffith [1920] proposed a thermodynamic solution to the problem of 
modelling crack growth.  Crack growth is dependent upon the strain energy, U.  U is the 
sum of the strain energy of a crack tip field, UE (as a result of an applied stress, σ, 
                                               
7
 By making one axis much smaller than the other, the ellipse may be assumed to be a mathematical model 
of a crack. 
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equation 2.8) and the surface energy of a crack of length 2a, US (where γ is the surface 
energy per unit area, equation 2.9). 
 
E
aU E
22piσ
=              2.8 
 
aU S γ4=          2.9 
 
Under a given stress the total energy reaches a maximum at a particular value of crack 
length.  Therefore crack growth will occur when the strain energy release rate is equal to 
or greater than the rate of change of surface energy with crack length: 
 
da
dU
da
dU SE ≥            2.10 
 
By considering the change in the energy of the system with crack length it is possible to 
show that for crack growth to occur: 
 
0=−=
da
dU
da
dU
da
dU ES
      2.11 
 
Substituting equations 2.8 and 2.9 into equation 2.11 and differentiating, it may be shown 
that:  
 
Ea γpiσ 2=            2.12 
 
and since the critical strain energy release rate, GC, is equal to twice the surface energy, γ: 
 
γ2=CG        2.13 
 
and introducing the critical stress intensity factor, KC, which is equal to σ√pia, equation 
2.12 may be written in the form: 
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EGK CC =           2.14 
 
Griffith’s Concept was found to be generally applicable to ‘elastic’ systems with one 
caveat.  Griffith’s Concept is based on an energy balance utilising the Second Law of 
Thermodynamics and so the theory as it stands predicts that if the energy balance is 
tipped one way then a crack will extend, whilst if it is tipped the other way, for example 
when the load is removed and the sample becomes unstressed, then the crack formed by 
the previously applied stress should ‘heal’ or close up.  Whilst the healing of cracks has 
been reported this has only been in specially produced samples and the bulk material is 
not rejoined.  Also the Griffith construct is based on energy changes between an initial 
and final state and so represents only a necessary condition for fracture.  As it does not 
deal with the actual mechanism of the fracture concerned there may be other criteria 
which must also be fulfilled for fracture to occur. 
 
2.6.5 - Quasi-Brittle Fracture 
 
To make the Griffith Concept more generally applicable, one of the first steps must be to 
take into account plastic yielding at the crack tip.  This was done (independently) by 
Orowan [1955] and Irwin [1958].  They determined that if a specimen were in a state of 
plane strain, only limited plastic deformation could take place, and therefore the plasticity 
would be allowable for linear elastic fracture mechanics (LEFM) to be applicable.  Under 
these circumstances it is possible to reassess GC; equation 2.13 can be rewritten to 
consider the surface energy, γS, and the energy absorbed by the sample by plastic 
deformation, γP: 
( )PSCG γγ += 2             2.15 
 
Irwin [1958] presented a criterion for the minimum specimen thickness for the specimen 
to be in plane strain.  This has subsequently been revised, and here it is presented in the 
more general form, as it is found, for example, in ASTM D5045-96 [1996]: 
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2.6.6 - Elastic-Plastic Fracture Mechanics: The J-Integral 
 
Elastic-plastic fracture mechanics deals with the case of materials that do not satisfy the 
requirements of LEFM, but instead show more significant plastic deformation around the 
crack tip.  Plastic behaviour is often associated with yielding (the stress at which a 
material will no longer behave elastically) but polymers in particular are likely to show 
some degree of material non-linearity at comparatively low stresses.  This is particularly 
true when considering the failure of a material due to crack growth.  Plastic failure is non-
reversible but can often absorb large energies during crack growth. 
 
The J-integral was proposed as a parameter to deal with small scale yielding in elastic-
plastic materials (Rice 1968).  The J-integral is path independent: 
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where x and y are rectangular coordinates normal to the crack front8, ds is an element of 
arc length along the contour Γ, Τ is the stress vector acting on the contour, u is the 
displacement vector and We is the strain energy density.  This is illustrated in Figure 2.7. 
 
 
 
Figure 2.7 - Application of the J-Integral. 
After Rice [1968] 
 
                                               
8
 y being perpendicular to the crack surface 
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Rice [1968] showed that J could be determined from the difference in the load 
displacement behaviour of two specimens of the same material which differ only in initial 
crack lengths a and a+∆a. 
 
a
UJ
∆
∆−
=        2.18 
 
Begley and Landes [1972] presented a method for determining -∆U from experimental 
results as presented in Figure 2.8. 
 
 
Figure 2.8 - Determination of -∆U. 
After Begley and Landes [1972] 
 
(-∆U may also be calculated from a pair of samples with the same maximum load but 
where the displacement due to a+∆a is greater than that due to a). 
 
In fact many samples present a sequence such as that demonstrated in Figure 2.9.  Here it 
can be seen that with increasing crack length, both the maximum load and maximum 
displacement that a sample can sustain decreases.  Agarwal et al [1984] and Singh and 
Parihar [1986] showed that this type of behaviour was due to significant yielding away 
from the crack tip for samples with short initial cracks.  For different materials they were 
able to show that yielding away from the crack tip was linked to a critical crack length so 
a + ∆a 
a  
-∆U 
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that for deeply notched specimens only yielding at the crack tip was observed (a/W= 0.35 
for Agarwal et al 1984 and a/W=0.34 for Singh and Parihar 1986).  Kim and Kim [1989] 
reported that they could not find such a critical crack length but stated that at a value of 
a/W=0.4 the relationship between energy dissipation away from the crack tip and the 
initial crack length became linear. 
 
 
Figure 2.9 - Evaluation of -∆U for the Case Where Crack Propagation Occurs at 
Decreasing Load and Decreasing Displacement for Samples with Increasing Crack 
Length. 
After Kim and Joe [1988]  
 
Kim and Joe [1987, 1988] presented a ‘locus’ method which seeks to separate the 
contributions to the total deformation energy required for the propagation of the initial 
crack for a sequence of samples with increasing initial crack length.  The locus method 
seeks to provide a ‘partition’ between the energy absorbed at the crack tip and that 
absorbed away from the crack tip. 
 
Kim and Kim [1989] have used this method to assess a ‘short glass fibre reinforced 
thermoplastic polyester’ and found that JC and GC were in good agreement since the 
material showed only a minor plastic component to its behaviour.  Their work shows 
some unexpected results, however.  For example in Figure 2.9, it is clear that the 
displacement due to a sample decreases with increasing crack length.  Kim and Kim 
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[1989] present samples where a similar relationship of four crack lengths has a4 with a 
displacement greater than that of a2 and a3. 
 
Rice et al [1973] showed that J could be determined using a single specimen.  In this 
method, the displacement is partitioned into two components, the elastic, δel, and the 
plastic, δpl, and hence J is made up of two components, the elastic, Jel, and the plastic, Jpl, 
contributions to fracture: 
 
J = Jel + Jpl        2.19 
 
Jel is essentially the LEFM critical strain energy release rate or toughness, G, and may be 
determined by: 
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whilst Jpl may be determined by: 
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In the preceding equations, P is the maximum experimental load, B is the specimen 
thickness, dC/da is the differential of the function that describes the relationship between 
C, the compliance of the sample, and a, the crack length.  Atkins and Mai [1988] showed 
that equation 2.18 could be simplified to: 
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AJ pl
−
=             2.22 
 
where A* is the area described by the relation between stress and strain and a straight line 
between 0 and the maximum load, as illustrated in Figure 2.10.  As may be imagined, this 
analysis is dependent upon specimen geometry.  In equation 2.22 a single deep notch is 
considered.  Equation 2.22 is suitable for double edge or central notched specimen 
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geometries, for example; it is not suitable for compact tension or three point bend 
specimens. 
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Figure 2.10 – Demonstrating the derivation of A* 
 
2.6.7 - Fracture Mechanisms in Polymers Containing Dispersed Phases 
2.6.7.1 - Introduction 
 
Callister [1997] states: 
 
“For engineering materials, two fracture modes are possible: ductile and brittle.  
Classification is based on the ability of a material to experience plastic deformation.  
Ductile materials typically exhibit substantial plastic deformation with high energy 
absorption before fracture.  On the other hand, there is normally little or no plastic 
deformation with low energy absorption accompanying a brittle fracture... 
 
The theory and the practice are different in two important areas.  Firstly, a material may 
behave in a manner that has elements of both types of fracture modes (e.g. in an impact 
test).  Secondly, some materials are temperature, strain rate or stress rate dependent: a 
material that is ductile at room or higher temperature may be brittle at lower temperatures 
or a material may behave in a brittle manner if subjected to a high strain or stress rate.  
Such materials are said to go through a ductile-to-brittle (e.g. with decreasing 
temperature) or a brittle-to-ductile (e.g. with increasing temperature) transition. 
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A material that is ductile is likely to fail in a manner that leads to a distortion of the 
component, which is generally undesirable.  However, as indicated above, a material that 
fails in a brittle manner is likely to have a low toughness.  Table 2.2 presents the fracture 
properties of a number of unmodified polymers. 
 
Table 2.2 - Fracture Properties of a Range of Polymers 
Polymer Polymer type KC 
MPa m1/2 
GC 
kJ m2 
polyester (unspecified) thermosetting 0.6 0.1 
epoxy thermosetting 0.6 0.2 
poly(styrene) thermoplastic 2.0 2.0 
poly(methyl methacrylate) thermoplastic 1.2 0.3 
poly(propylene) thermoplastic 3.0 10.0 
Source: Ashby and Jones [1996] 
 
A thermosetting polymer, such as the UP used in this current work, is comparatively 
brittle with limited plastic deformation.  Thermoplastics are formed from long chains 
which bond to each other through secondary bonding such as van der Waals bonding.  In 
the case of thermosetting polymers, the pre-cure chains are typically much shorter than 
those found in a thermoplastic and, upon curing, an additional cross-linked structure is 
produced, with stronger covalent bonds between long chains.  The cross-linked structure 
prevents significant deformation of the material, while a thermoplastic is able to undergo 
more extensive (plastic) deformation to absorb energy. 
 
Fracture mechanisms differ from fracture modes: a fracture mode describes the 
macroscopic situation whereas the fracture mechanism is the process by which fracture 
occurs.  By incorporating a reinforcing phase it is possible to change or modify the 
fracture mechanism, whilst the fracture mode may be relatively unaffected.  Crack 
pinning is a general example of a toughening mechanism.  Other mechanisms may be 
dominant, depending upon: 
 
• the nature of the dispersed phase  
o particulate, whisker, platelet etc. 
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o dimensional scale 
o hard/rigid or soft/rubbery 
• the adhesion between the dispersed phase and the matrix 
• the presence of another phase, e.g. larger particles or continuous fibres 
 
The following sections are limited to the consideration of the fracture mechanisms, in 
polymers, associated with a range of particulate phases.  Certain toughening mechanisms, 
such as fibre pull-out can be found when dealing with other reinforcing phases (such as 
SiC whiskers or continuous fibres), but these are not appropriate to this thesis.  
Particulates may be considered in terms of hard, or ‘rigid’ and rubbery or ‘soft’. 
 
2.6.7.2 - Rubbery Particles 
 
A widely researched approach to the toughening of polymers has been the incorporation 
of rubber particles.  Several mechanisms have been proposed to account for the 
toughening that is observed.  For example, Kunz-Douglas et al [1980] proposed that 
rubber bridging was the major toughening mechanism (due to the required energies for 
the deformation and tearing of rubber particles) in a rubber toughened epoxy.  Kim and 
Brown [1987] also considered this to be the best explanation when considering a glassy 
phase toughened epoxy.  However, this model does not consider the observation of stress 
whitening, and hence Huang and Kinloch [1992b] and Bagheri and Pearson [1996] 
consider that rubber bridging is a secondary mechanism, contributing to toughness, but 
not a primary factor in the fracture mechanism.  In particular, Bagheri and Pearson [1996] 
cite the work of Pearson and Yee [1989] and Levita et al [1991] who have shown that: 
 
“...the fracture toughness of rubber-modified epoxies depends strongly on the structure of 
the matrix; looser epoxy networks result in higher toughness.” 
 
Bascom et al [1981] compared the use of both liquid and solid elastomers.  The solid 
particles were of the order of 2-4 µm, whilst the liquid elastomer formed particles with a 
bimodal distribution: larger particles were of the order of 300-500 nm with a dispersion of 
smaller particles of the order of 50 nm.  They found that this combination provided a 
greater improvement of the toughness than either alone.  Bascom et al [1981] concluded 
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that the smaller particles facilitated localised shear yielding induced by the larger 
particles.  Figure 2.11 (Bascom et al 1981) shows fracture surfaces from neat epoxy and 
modified epoxies.  A feature of modified systems is “stress-whitening” in which material 
that has been plastically deformed is highlighted by a whitening of the sample surface.  
Impact tested samples showed no signs of stress whitening indicating limited plastic 
deformation. 
 
 
Figure 2.11 - Fracture Surfaces of Epoxy Resins 
(a) Crack Tip Deformation Zone of neat epoxy and (b-d) Stress Whitened Zone of 
Modified Epoxy.  After Bascom et al [1981] 
 
Bagheri and Pearson [2000] state: 
 
“Rubber modification has been found as a very successful approach to overcome the 
inherent brittleness of many engineering polymers.  Cavitation of rubber particles 
followed by plastic deformation of the matrix is believed to be the major toughening 
mechanism in many rubber toughened polymers...cavitation alone is not a considerable 
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source of toughening...In addition, the discussion on the role of particle cavitation has 
yielded interests in studying the function of pre-existing voids in toughening 
polymers...since microvoids may play the same scenario that rubber particles do...” 
 
Whilst this statement may appear to be self contradictory (major toughening 
mechanism/not a considerable source of toughening) there are in fact two mechanisms 
that are being considered.  The first is cavitation of the particle and the second is shear 
band yielding.  Li et al [1994] have shown that if the cavitation of rubbery particles is 
suppressed then the toughness of a rubber-modified epoxy is no greater than that of the 
pure epoxy.  No shear bands were observed, or any other mechanisms associated with 
cavitating particles.  Also, Li et al [1994] state: 
 
“We note, however, that attempts to partition energy-absorbing mechanisms into various 
processes as if they are linearly additive miss, perhaps, the most important conclusion 
reached in this paper, namely, cavitation provides the key to effective toughening by 
rubber particles.  It is the enabling event...These sequential, interacting events produce a 
total toughness far greater than the sum of these events acting independently, if they are 
able to occur.” 
 
Further, Lazzeri and Bucknall [1993] have modelled the effect of cavitation on the 
formation of dilatational bands, or shear bands.  However, there is a body of work that 
includes studies by Guild and Young [1989], Fukui et al [1991] and Huang and Kinloch 
[1992a] that has used finite-element (FE) analysis to consider the effect of rubber 
particles in an epoxy.  Guild and Young [1989] theorised that rubber particles simply 
acted as voids, whilst Fukui et al [1991] came to the conclusion that rubber particles were 
more beneficial than just voids, as voids caused cracking of the matrix at lower strains.  
Huang and Kinloch’s [1992a] work, however, is more at odds with the theory that 
cavitation leads to the formation of shear bands.  Their work appears to show that the 
formation of shear bands is independent of cavitation.  Attempts have been made to deal 
with this ambiguity (e.g. Bagheri and Pearson 1996) but none has yet succeeded in 
accounting for all the observed behaviour.  However, the work of Lazzeri and Bucknall 
[1994] points toward the critical nature of the deformation of the rubbery particle which 
can suppress the failure of ligaments. 
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The work of Pearson and Yee [1991] has shown the importance of particle size; smaller 
particles are associated with shear yielding, whilst larger particles are linked to (the more 
inefficient) rubber-bridging.  Linked to the topic of particle size is the topic of inter-
particle distance (Pearson and Yee 1991, Shieu 1997, Liu et al 1998a-c, Bagheri and 
Pearson, 2000, Kim and Kim 2005).  It has been shown that toughness increases with 
decreasing inter-particle distance: this is a non-linear relationship and it has not yet been 
possible to determine a method for predicting the critical spacing.  The reasonable 
hypothesis is that the ligaments between particles lose their efficacy and become unstable 
if they are too long.  When considering an equal loading of particles, it can be seen, as 
argued in section 1.4, that the smaller the particle size the shorter the inter-particle 
distance will be between two particles, since there is a greater number of smaller 
particles.  Incidentally, this will generally mean that a smaller loading of smaller particles 
is required.  Large loadings are likely to lead to a pseudo-network (Giannelis’ 2004 3-D 
structure) or a similar semi-agglomerated structure.  Under these circumstances it is likely 
that the system will act in the manner postulated by Rothon and Hancock [1995], which 
was presented in sub-section 2.3.6.  Here, it was shown that matrix material interacting 
with a particulate may behave differently to the matrix ‘proper’.  With sufficient loadings, 
this modified matrix can overlap and form a matrix of modified material with dispersed 
pockets of unmodified polymer.  This modified material is likely to act in a manner 
different to that of the matrix material. 
 
To summarise, there are a number of mechanisms by which polymers may be toughened 
by rubbery (or soft) particles.  Huang and Kinloch [1992b] have presented a schematic 
model (Figure 2.12) which considers three of these processes, for the specific case of an 
epoxy matrix, though these mechanisms have been observed in other systems.  These 
mechanisms, which were discussed in the preceding paragraphs are rubber bridging, 
cavitation and shear band yielding. 
 
Toughening may also be achieved by the incorporation of hard particles and this is 
discussed in the following section. 
 
Chapter 2 
59 
 
Figure 2.12 - A Schematic Representation of Toughening Mechanisms Due to 
Particles in an Epoxy Matrix.   
After Huang and Kinloch [1992b]  
 
2.6.7.3 - Hard Particulates 
 
Hard, or ‘rigid’, particles are those that undergo no significant deformation when stressed.  
Hard particles have been shown to have a negative effect on the properties of a resin, if 
inadequately dispersed. 
 
One of the principal forms of toughening by hard particles is that of crack pinning.  Lange 
[1970] showed that when a crack front becomes pinned by two or more 
‘inhomogeneities’, there is a subsequent lengthening of the crack front (Figure 2.13).  The 
term inhomogeneity can be applied to a dispersed phase, a void or a contaminant.  This 
can be considered as a bowing of the crack front (Figure 2.14), and therefore in an 
increase in the fracture energy (Lange and Radford 1971).  Crack pinning is therefore a 
toughening mechanism fundamental to the incorporation of a dispersed phase.  Whilst 
crack pinning can be considered in rubber filled systems (e.g. Qiao 2003), the 
contribution to these systems is minor and it is therefore more appropriate to consider it 
here. 
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Figure 2.13 - Cleavage Step Pattern of a Fracture Surface  
Where a Crack Front (moving from Left to Right) Intersects a Void.  Three Positions of 
Crack Front are Marked.  The cleavage surface is the {100} of an MgO single crystal. 
After Lange [1970] 
 
 
Figure 2.14 - A Model of the Interaction of a Crack Front with Second Phase 
Particles 
showing (a) the effect of the second phase particles on the crack front and (b) the 
geometric model of the crack front passing between two second phase particles.  After 
Lange [1970]. 
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Spanoudakis and Young [1984a,b] carried out a body of work which considered a number 
of factors that could affect the ability of a hard particle (in this case glass bead) to 
reinforce a polymer.  These were: 
 
• particle size, 
• volume fraction, Vf 
• particle/matrix adhesion. 
 
Spanoudakis and Young [1984a,b] showed that increasing Vf of glass bead gave an 
increase in toughness properties but that increasing (in a range of 4.5-62 µm) particle size, 
whilst having an effect, was less important.  When dealing with particle/matrix adhesion 
they showed that the fracture strength decreased significantly, with increasing Vf, if the 
particles were poorly bonded.  The fracture strength was approximately constant with 
increasing Vf if the particles were strongly bonded.  The strength of adhesion was found 
to have a minor effect on fracture toughness, KC, but systems with poorly bonded 
particles saw an increase in toughness, GC, due to a reduction in E.  However, 
Spanoudakis and Young [1984b] did show that the particle/matrix adhesion could have a 
significant effect upon the fracture mechanism.  This was explained by the difference in 
the stress state around strongly bonded and poorly bonded particles (Figure 2.15).  In the 
case of a strongly bonded particle the maximum stress in the matrix should be found 
above and below the ‘poles’ of the particles.  A poorly bonded particle will in fact behave 
as a hole in the matrix, and hence the maximum stress will be found at the ‘equator’ of 
the particle/hole.  Hence, a crack front will be attracted to the point of maximum stress.  
Thus, in the case of a strongly bonded particle, the crack will move around the particle, 
and whilst the crack length may be (minimally) increased the crack-pinning toughening 
mechanism will be circumvented. 
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Figure 2.15 - Schematic Illustration of the Path of a Crack around a Particle in a 
Particle Modified Epoxy under Stress. 
(a) Crack approaches particle.  (b) Crack Moving Around the equator of poorly-bonded 
Particle. (c) Crack Attracted to Poles of Well-Bonded Particle.  After Spanoudakis and 
Young [1984b] 
 
The strength of adhesion between hard particles and the matrix has been shown to have 
an effect upon the toughness through another mechanism.  The presence of localised 
shear bands has been found in polymers containing hard particulates.  Bagheri and 
Pearson [2000] imply that a void can give rise to the plastic deformation associated with a 
cavitating rubbery particle, as well as acting as a centre for plastic deformation of 
localised shear bands.  Hence, cavitation, as discussed in the previous sub-section, can be 
described as the formation of a void, leading to localised plastic deformation around the 
void. 
 
The foregoing suggests that weakly bonded hard particles can act as voids.  Hard particles 
differ from ‘natural’ voids in that there is some degree of interaction between the particle 
and the matrix.  If there is little or no interaction, then the particle is similar to a void.  If 
the particle interacts then a further toughening due to the debonding of the particle is 
observed.  This leads to plastic deformation of the matrix around the particle.  However, 
if the particle is too strongly bonded, then the particle will simply act as matrix: the 
particle will not debond, and will therefore not form a void within the matrix.  Hence, 
sufficient bonding of the particle to the matrix, will lead to a situation where it is possible 
for a stress state to exist whereby shear bands may form between particles (e.g. Liu et al 
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2002, Thio et al 2004, Lazzeri et al 2005).  This, of course, begs the question of the effect 
of hard particles on the ligament and the possibility of cracking observed in the matrix 
associated with voids (Fukui et al 1991), a question that has not yet been answered. 
 
Other workers have examined the effects of other properties of hard particles on the 
fracture properties of matrices. 
 
Nakamura et al [1991, 1992], have shown that particle size can have an effect on the 
toughness of a material.  Examining angular silica particles (60-300 µm, Nakamura et al 
1991) and spherical silica particles (2-42 µm, Nakamura et al 1992), a correlation was 
found between an increase in particle size and an increase in both KIC and GIC.  This was 
associated with energy absorption due to the de-bonding of the particle/matrix interface.  
Nakamura et al [1992a] observed that in the case of the larger particles there was a 
damage zone related to this energy absorption, and that this damage zone was not present 
in the case of the smaller particles.  It was also observed that in the case of the smaller 
particles there was minimal crack divergence as opposed to that observed with the larger 
particles. 
 
 
Figure 2.16 - Effect of Particles and Particulate Size on the Crack Path.   
After Nakamura et al [1992]. 
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Jang et al [1990] examined particulate and whisker modification.  They determined that a 
uniform dispersion of the modifying phase was essential and that if too great a 
concentration of the modifying phase is used then this can result in a high resin viscosity, 
which makes it difficult to remove entrapped air, negating the potential beneficial effects.  
The toughness of these modified resins was not significantly improved.  This work has 
limited applicability to this present study however, since the work only considers 
uncracked specimens (with the exception of notched Izod specimens). 
 
2.6.8 - Summary 
 
This section has dealt with the subject of fracture, particularly with regard to the fracture 
of polymeric materials.  In brittle materials, cracks are generated from flaws, since these 
flaws act to concentrate stress.  The fracture mechanism, however, can be modified by the 
presence of phases other than the matrix.  The principle behind toughening of materials is 
to limit the effect that the flaws have.  If, for example, the crack is blunted, then to 
achieve crack growth the sample must be stressed further than if the crack were sharp and 
so the detrimental effect that this crack has is minimised.  Alternatively, the crack may be 
bridged, or further crack growth may be hindered by fibre or whisker pull-out. 
 
The toughening of these materials has been considered and the effect of these toughening 
processes on the fracture mechanism has been discussed.  These processes will be 
considered further in Chapter 8 when the effect of ormosil nano-particles on an UP resin 
will be discussed. 
 
2.7 - Concluding remarks 
 
Nano-scale materials are being investigated for a range of applications.  In the current 
research, organic-inorganic hybrid nano-particles are being studied as modifiers for 
polymeric materials.  This present work represents a synergy of an investigation by 
surface analysis with the observed mechanical testing of nano-composites.  In particular 
the modification of fracture properties is of interest.  This chapter has introduced a range 
of ormosils (organically modified silicas), that are produced as nano-particles, and which 
will be used to modify a polyester resin. 
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In order to discuss the effect of the nano-particles on the fracture properties, it is 
necessary to understand the interaction of the nano-particles with the polyester resin.  To 
this end, a number of techniques have been introduced, that will enable the surface 
properties of the nano-particles to be quantified.  By comparison with the properties of 
the polyester resin it will be possible to model the interactions between the two. 
 
This chapter has also discussed the fracture of polymeric materials and how this is 
affected by the inclusion of a dispersed phase.  A number of mechanisms have been 
highlighted by which a dispersed phase can affect the toughness of the matrix.  Some of 
these, such as fibre pull-out and rubber-bridging, are specific to the reinforcing phase.  
Others, such as crack-pinning, will occur no matter what the nature of the reinforcing 
phase. 
 
Overall the literature presented in this chapter provides the necessary background to the 
experimental work to be presented in this thesis, concerned with the characterisation of 
ormosils and ormosil modified polyester.  In the next chapter, the thermodynamic 
properties of the materials, which have been determined by IGC, are presented.  The 
technique of IGC is also discussed in more detail. 
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Chapter 3 -  Thermodynamic Properties 
 
3.1 - Introduction 
 
At the end of the previous chapter, it was stated that this present work represents a 
synergy of an investigation by surface analysis with the observed mechanical testing of 
nano-composites.  By understanding the physico-chemical properties of the surfaces of 
both the modified and unmodified particles, it will, in principle, be possible to model the 
interactions between the particles and the matrix system (Chapter 5).  It will then be 
possible to understand the effect of the modified particles on the mechanical properties of 
the modified polymer systems, and this information will also be relevant to the modelling 
of the fracture and toughening mechanisms (Chapter 8). 
 
The surface analysis investigation of the particles also represents a synergy.  In this 
chapter, the thermodynamic properties of organically modified silica particles are 
investigated, whilst the following chapter will consider the bonding and coverage of the 
surface functionality of different particles and the adsorption of polyester onto these 
surfaces.  These chapters will present both methodology and results and throughout these 
results are presented with reference to a fumed silica.  Also, the polyester resin will be 
characterised. 
 
In the previous chapter inverse gas chromatography (IGC) was introduced as a technique 
for the evaluation of thermodynamic properties.  This chapter will build upon that 
introduction, showing how IGC is applied in general as a technique and, more 
specifically, how it has been applied to the materials researched.  This chapter will also 
present the data derived using this technique as well as a preliminary analysis of this data.  
The interpretation of this data is left until Chapter 5, where it will be compared with the 
chemical analysis (Chapter 4) to provide models of the surface chemistry of the particles 
and of the interaction of the polyester with the particles. 
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3.2 - The Technique of Inverse Gas Chromatography  
3.2.1 - Chromatography 
 
Chromatographic techniques are numerous and used in a number of disciplines for 
different purposes – the popular school experiment for separating the components of inks 
is of course a valuable forensic tool.  In general, chromatographic based techniques deal 
with mass transfer by diffusion and observe the separation of components due to the 
interaction of these components with another phase namely the partition or differential 
sorption of a mobile phase with reference to a phase that may be stationary or itself 
mobile (counter to the mobile phase).  This second phase is often referred to as the bed or 
the column.   
 
Gas Chromatography (GC) is a development from the technique of Liquid 
Chromatography (LC) where, at its simplest, the mobile phase is a gas rather than a 
liquid.  Inverse Gas Chromatography (IGC) has a laymans’ reputation for being a fringe, 
unorthodox technique.  In practice IGC is simply an adaptation of the established GC 
technique.  The difference between the two is simple: the column is standardised in GC 
and unknown in IGC.  GC is used to establish the properties of an unknown gas phase 
from the phase’s interaction with the column (whose properties are known) and the 
composition of the gas phase can then be determined.  In IGC the reverse is true: a gas 
phase (with known properties) is used to determine the properties of an unknown column. 
 
Both Liquid and Gas Chromatography can be further categorised by one of the three 
different techniques that may be used: 
1. frontal analysis - where a mixture is passed through a column, and detected by 
whatever physical means are deemed appropriate.  This technique results in a 
‘pure’ component ‘breaking through’ (this will be the least adsorbed component) 
followed by the other components, tainted by the previous components i.e. 1, 1+2, 
1+2+3 etc.  
2. displacement development – which is similar to frontal analysis but includes the 
use of a displacing agent, which leads to the formation of distinct bands. 
3. elution processes – the sample is carried through the column with a fluid (liquid – 
eluent; gas – carrier) 
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3.2.2 - Elution Processes 
 
Elution processes are generally to be preferred (and are indeed used for the IGC 
experiments detailed in this thesis) since the carrier or eluent will remain in the column, 
even when the probe-sample has completely passed through.  This means that the column 
is immediately ready for further experimentation.  Columns used in frontal analysis or 
displacement development techniques will still be tainted with the probe-sample used and 
will require some form of cleaning or regeneration.  This is not to say that frontal and 
displacement techniques do not have their place but that in this case an elution technique 
is more appropriate.  Also elution processes produce chromatographs as distinct peaks, 
relating to each component, as opposed to frontal analysis or displacement development 
where the details of the chromatograph will be stepped with reference to the baseline and 
may be overlapped and confusing to analyse.  Figure 3.1 demonstrates the principle as in 
the case of IGC, but this diagram could in fact apply to any elution process.  In it a 
mixture of a probe and a marker probe are injected into the carrier phase.  The carrier 
phase is passed through a column of the solid phase.  The marker probe passes through 
with little or no interaction, and is registered by the detector.  The probe, due to its 
interaction with the surface of the solid phase takes longer to pass through the column. 
 
 
Figure 3.1 – The Principle of Inverse Gas Chromatography 
tN 
Carrier gas flow 
Filler material  Probe  Marker probe  
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The time between the detection of the marker probe, t0, and the detection of the probe, tR, 
is termed the net retention time, tN: 
tN = tR – t0         3.1 
A more useful value is the net retention volume, VN, which is related to tR by: 
VN = DFtN         3.2 
where F is the flow rate of the carrier gas and D is a pressure related correction term: 
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where Pi is the pressure at the inlet of the column and P0 is the pressure at the outlet of the 
column.  For the case of infinite dilution, where (a) the amount adsorbed is proportional 
to the concentration of the probe (Henry’s Law) and (b) only adsorption processes are 
occurring, and therefore a case of zero coverage can be considered, then: 
 
VN = KSA     3.4 
 
where KS is the surface partition coefficient (between the mobile and stationary phases, 
and may be considered analogous to an equilibrium constant) and A is the total surface 
area of the solid phase. 
 
3.2.3 - The Dispersive Component of the Surface Free Energy 
 
In the previous sub-section it was concluded that IGC allows for the investigation of the 
adsorption of (known) fluids onto the surface of (unknown) solids.  By determining the 
way in which molecular probes interact with the surface we can, in turn, characterise the 
surface.  Two particularly useful characteristics are the surface free energy and the acid-
base specific characteristics; the latter is dealt with in the next sub-section. 
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In fact when the surface free energy γs, is discussed, this method allows for the 
quantification of a part of this, the dispersive component, dsγ .  From equation 3.4 the free 
energy of adsorption, -∆Gads for a given probe can be determined: 
 
-∆Gads = RTln(KS) = RTln(VN) + C        3.5 
 
where R and T are the gas constant and the experimental temperature respectively and C 
is a constant that takes into account the mass and specific surface of the stationary phase 
as well as the reference adsorption state.  If we consider a number of probes of sequential, 
linear alkanes (pentane, nC-5; hexane, nC-6 et cetera) then the function RTln(VN) may be 
plotted as in Figure 3.2. 
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Figure 3.2 – Determination of the Free Energy of Adsorption of a Methylene Group 
Using a Commercial Silica as an Example 
 
In Figure 3.2 RTln(VN) has been determined for a number of alkanes and plotted against 
an abscissa of the number of carbon atoms in the chain.  The purpose of this part of the 
IGC procedure is to determine –∆GCH2, the free energy of adsorption of a methylene 
group.  In Figure 3.2 six n-alkanes have been used.  Generally speaking the minimum that 
will be used is four, and these will be from the set pentane to decane (nC5 – nC10).  
When analysing a surface that is particularly active, it is preferable to use shorter chain 
alkanes from within this set, whereas a surface that is particularly inactive may require 
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the use of longer chain alkanes, and may require longer chain alkanes outside of this set, 
including nC-12 and nC-16.  Alternatively, it is possible to vary the length of the column 
although this is not necessarily the best option (this subject is treated further in sub-
section 3.2.5.4) A line of best fit has been applied to the data in Figure 3.2, which has 
been shown to have an R2, linear regression, value of 0.9997, with 1 representing a 
perfect fit.  The slope of this line of best fit is -∆GCH2: 
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( ) 






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=∆− +
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nNCH
V
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RTG 1ln2           3.6 
 
Dorris and Gray [1980], considering the surface free energy of wood fibres were able to 
demonstrate that the work of adhesion of self-associating organic groups was related to 
the free energy of a methylene group: 
 
2
2
2
CH
CH
ACH
A N
GW
α
∆−
=             3.7 
 
Despite concerns over the back-ground theory, Dorris and Gray [1980] followed the 
approach of Fowkes [1968] who determined that the work of adhesion, WA, between a 
saturated hydro-carbon and a second phase could be determined by: 
 
( ) ( ) 2/12/12,1, 22 dsCHdCdCA WWW γγ==           3.8 
 
where dCW 1,  and 
d
CW 2,  are the dispersive components of the work of adhesion of two 
phases1.  The justification for the use of this approach was a comparison with 
experimental data.  Hence, following the method of Dorris and Gray [1980], the 
dispersive component, dsγ , of the surface free energy, γs, may be determined: 
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where N and aCH2 are constants, Avogadro’s number and the cross-sectional area of a 
methylene group (which is approximated to 6Å2, or 6 x10-18 m2) respectively, and γCH2 is 
the surface free energy of a solid surface of methylene groups.  Dorris and Gray [1980], 
examining the work of Roe [1968], were able to draw a relationship for γCH2 and T, which 
is presented here in the form most commonly found in IGC literature: 
 
γCH2 = 36.8 – 0.058T     3.10 
 
where T is in degrees celsius. 
 
3.2.4 - The Acid-Base Surface Characteristic 
 
The previous sub-section dealt with the quantification of d
sγ , which is determined from 
the use of non-polar probes.  By considering polar probes we can determine AB
aG∆− , the 
free energy of adsorption due to the acid base interaction between a probe and the surface 
of interest, which is sometimes referred to as the ISP, the specific interaction parameter 
(Saint Flour and Papirer 1982a): 
 
( )








=∆−∆−=∆−=
)(
ln
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NdAB
aSP V
V
RTGGGI        3.11 
 
Figure 3.3 illustrates the point made in equation 3.11.  Compared to Figure 3.2, the graph 
has been re-plotted so that instead of chain length the horizontal abscissa now represents 
the boiling point, Tb, of the probes of interest, and polar probes are also considered.  By 
comparing -∆G of the polar probe, ABaG∆− , against the –∆G due to the dispersive forces, 
dG∆−  we can determine the contribution due to acid-base interactions: 
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Figure 3.3 – Determination of the Free Energy of a Adsorption of a Probe with Acid-
Base Interactions Using a Commercial Silica as an Example.  
Probes:  = alkanes; (acidic)  = CH2Cl2; = CHCl3; = CCl4; (basic)  = DEE and 
 = THF
 
 
 
The use of Tb, is possibly the most popular and probably the easiest method to apply in 
the determination of ABaG∆− .  This method is not without problems, however, and there 
are a number of alternative methods available.  Chehimi and Pigois-Landereau [1994] 
summarised a number of different methods for determining acid-base properties at the 
time when they introduced their own method based on the heat of vaporisation of the 
probes used to interrogate the surface of the sample: 
1. Tb, the boiling point of the probe, Sawyer and Brookman [1968] 
2. log (P0), the logarithm of the vapour pressure, Saint Flour and Papirer [1983] 
3. a(γdl)1/2, the product of the cross-sectional area (a) and the square-root of the 
dispersive energy of the probes (γdl), Schultz et al [1987] 
4. the deformation polarizability, Donnet et al [1991] 
5. ∆Hvap, the heat of vaporisation of the probes, Chehimi and Pigois-Landereau [1994] 
6. ∆Hdvap, the dispersive component of the heat of vaporisation of the probes, 
Chehimi and Pigois-Landereau [1994] 
 
AB
aG∆−
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This list is presented for the sake of completeness, although some of the methods for 
processing the data are not applicable due to the information required to process the data; 
for example Donnet et al [1991] propose that: 
 
RTln(VN) + C = k(hυs)½α0,S(hυL)½α0,L          3.12 
 
where C and k are constants (k relating to permittivity in a vacuum, the distance of 
adsorbate-adsorbent interaction and Avogadro’s Number), hυi is the ionisation potential 
of the ith interacting material, and α0 is the deformation polarizability.  S and L, as usual, 
stand for solid and liquid.  Method 3 (a(γdl)1/2, Schultz et al 1987), has some popularity, 
but Chehimi and Pigois-Landereau [1994], suggest that a is actually a difficult parameter 
to determine, and is dependent upon the probe’s interaction with the surface, which has 
the potential to offer a circular argument. 
 
AB
aG∆− , determined for the same material using these six methods, has been shown to 
vary by a factor of ~5, with the lowest value coming from Schultz et al’s [1987] method 
and Donnet et al’s [1991] providing a number that is consistently greater than the norm.  
The other methods do not tend to vary by so great a factor.  For alkanes, ∆Hdvap = ∆Hvap, 
of course.  For polar probes, therefore, Chehimi and Pigois-Landereau’s [1994] ∆Hdvap 
method lies outside the central group.  This is due to the acid-base contribution that may 
be found in the Tb and log (P0) methods as well as the ∆Hvap method.  Tb is the method 
that consistently lies closest to the mean and so it is this method that will be applied to the 
data discussed here, and it is also the method that will be used to determine ABaG∆− . 
 
AB
aG∆−  represents a summation of the acid-base characteristics, but this is not 
necessarily useful, since it does not give all the information required: further 
interpretation is required.  Two interpretations have been put forward, both of which stem 
from Lewis’ [1938] definition of an acid as an electron acceptor and a base as an electron 
donor.  Further research has shown that most materials can be shown to have both acidic 
(A) and basic (B) characteristics: Van Oss et al [1988] use the terms ‘monopolar’ for 
materials that have only acidic or basic sites and ‘bipolar’ to describe materials that have 
both.  Fowkes [1990] points out that investigation into the examination of the acid-base 
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properties of materials is potentially problematic, because some techniques/research 
ignore the acidic or basic component of a material that is principally one or the other.  
Some researchers couple the acid-base character with that of the type of bonding taking 
place using the Drago equation to examine the tendency for a material to undergo an 
electrostatic (E) or covalent (C) interaction with a probe: 
 
-∆HAB = EAEB + CACB      3.13 
 
The alternative approach is that of Gutmann [1978]: 
 
100
.DNANH ≈∆            3.14 
 
where AN and DN are Gutman’s [1978] Acceptor and Donor Numbers.  Acceptor 
Numbers are determined from the chemical shift of the P-NMR spectrum from the 
interaction of basic probe molecules with triethyl phosphine oxide.  Donor Numbers are 
determined from calorimetric heats of organic compounds with antimony pentachloride. 
 
 
The approach of Saint Flour and Papirer [1982b] determines KA and KD, acid-base 
constants, where A stands for acceptor (acidic) and D for donor (basic).  In this original 
work AN was used rather than AN* (where AN* is the corrected Acceptor Number.  As a 
note of historical completeness, Gutman’s [1978] original Acceptor Numbers, AN, 
included a dispersive component, ANd which owes nothing to polarity.  The Acceptor 
Numbers were re-evaluated by Riddle and Fowkes [1990] and the revised value is usually 
identified as AN*): 
AN*=AN-ANd    3.15 
 
Also, Saint Flour and Papirer [1982b] considered the enthalpy of a specific interaction, -
∆HAB, in the first instance before showing that -∆HAB and -∆GΑΒ could be considered as 
equivalent: 
 
DNKANKG AD
AB
a +=∆−
∗
      3.16 
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Equation 3.16 can be re-analysed: 
 
DA
AB
a K
AN
DNK
AN
G
+=
∆−
∗∗
           3.17 
 
and from this KA and KD can be obtained as the slope and intercept of a graph.  By 
plotting 
∗
∆−
AN
G ABa
 vs. 
∗AN
DN
 for a set of polar probes KA and KD can be estimated, for a 
given material, in the manner described above, Figure 3.4. 
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Figure 3.4 - The Determination of the Acid Base Constants (KA and KD) using a 
commercial silica as an example 
 
Finally, the ratio of KD and KA is often used in the literature as an indicator of the surface, 
but it was Andrzejewska et al [1996] that defined it as an acido-basic surface character 
parameter, SC: 
 
A
D
C K
KS =        3.18 
where a value of less than one for SC indicates a surface that is particularly acidic, 
whereas a value for SC that is greater than one indicates a surface that is particularly 
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basic.  SC should be considered as a complementary property to KA and KD, however, 
rather than a unifying end result: important information such as the extent of polar 
properties can be lost if the surface acido-basic properties are simply expressed in terms 
of SC: for example, a high KD and KA can give a similar value of SC as a low KD and KA. 
 
3.2.5 - Experimental Considerations 
3.2.5.1 - Introduction 
 
This sub-section outlines several practical aspects of IGC.  Some of these have been 
mentioned previously as a part of the theoretical background to IGC, but here, all of the 
aspects will be discussed both in the sense of the application of IGC in general as well as 
in the way that it has been employed to collect data for this thesis. 
 
 
 
 
Figure 3.5 - An Example of a Gas Chromatograph. 
After Abel and Watts [2005] 
 
 Gas-tight syringe 
with gas probe(s) 
FID Detector 
Computer 
Thermostated oven 
1. Signal integration 
2. Temperature control 
3. Flow/pressure control 
 
 
Stainless steel or PTFE column 
filled with stationary phase 
Injector 
Carrier 
gas (N2) 
3 
1 
2 
Chapter 3 
78 
3.2.5.2 - The Carrier Gas and Conditioning 
 
Mention has been made previously of a carrier fluid, which passes through a column 
packed with a solid material.  In context it is clear that the carrier must be non-interacting 
with both the solid and probes used in experimentation.  That said, the carrier gas used is 
sometimes air.  More normally nitrogen will be used (as in this case) or helium, although 
helium is often considered to be unjustifiably expensive for most experiments.   
 
The pressure of the carrier gas will be measured before it enters the column and after it 
leaves.  Most systems are designed so that the carrier gas is supplied at atmospheric 
pressure.  The exit pressure will also be atmospheric, but due to resistance from the 
stationary phase an over-pressure is developed which is measured.  This over-pressure 
will be peculiar to the column and it is necessary to take it into account when determining 
VN. 
 
Prior to experimentation the column will be conditioned.  Traditionally this is for at least 
16 hours, and during this time the carrier fluid will be passed through the column, which 
will be held at a temperature above that of the experimental temperature.  Usually, this 
will be 30 oC above the experimental temperature, and this is the standard that has been 
applied in the current work.  In some cases this is not always possible, however.  For 
example, when dealing with polymers that can degrade or have a Tg that lies between the 
ambient and conditioning temperatures, the properties of the polymer will be changed.  In 
these cases the highest possible temperature will be maintained for the full 16 hours.  In 
cases where this is insufficient a longer conditioning period may be required, e.g. 32 
hours or more, or the flow rate may be manipulated (see also sub-section 3.2.5.4).  The 
purpose of this conditioning period is to remove adventitious hydrocarbons, adsorbed 
water and other weakly bonded surface groups which would otherwise act to mask the 
true surface character of the material of interest.  Also, species such as these would be 
displaced during the experiment, such that the information derived would be distorted due 
to the change in surface character: the response to each probe would be the response of a 
changing rather than a stable surface. 
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3.2.5.3 - Detector Assembly 
 
In sub-section 3.2.2 it was mentioned that tN is determined from the delay in the detection 
of the marker probe (t0) and the (interacting) probe (tR).  One of a number of different 
detectors may be used to measure the output from the column with the choice being 
driven by the field of application of the IGC.  Detectors include: 
• Flame ionisation (FID) 
• Ionisation  
• Photoionisation (PID) 
• Thermal conductivity (TCD) 
• Electron Capture (ECD) 
• Micro-cell ECD (µ-ECD), a variant of ECD2 
• Nitrogen-Phosphorus (NPD)2 
• Helium (HeD) 
• Thermionic (utilising an alkali metal salt; TIDA) 
• Flame photometric (FPD) 
• Coulometric (CD) 
• Electrolytic Conductance (El CD) 
 
The IGC used in this series of experiments uses an FID.  The basis of this detector is that 
the carrier gas will, in a flame, produce ions (approximately 107 ions/cm3).  Organically 
based probes, i.e. those containing carbon will form ions more easily (approximately 1011 
ions/cm3).  The ions can be used to produce a current and this can be measured.  The 
difference between the ions produced from the carrier and the probe is significant (four 
orders of magnitude) and will result in a peak at the moment of greatest intensity.  The 
centre of the peak can be determined usually, and indeed in this case, by using a computer 
program, and the time that relates to the centre of the peak will be the retention time for 
the probe of interest. 
 
 
                                               
2Agilent [2000], all others Ševčik [1976] 
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The composition of the flame used to convert the column output into ions is another 
variable in operating conditions: the Agilent 6890 Gas Chromatograph uses an H2 + air 
mixture to produce a flame3 but alternatively, systems are known to use, amongst others, 
H2 + O2. 
 
The choice of detector will depend upon the purpose to which the gas chromatograph will 
be put.  The FID is one of the most popular and easy to run systems, since it will work 
well with all organic systems.  Even more general is the TCD, which will respond to 
everything except the carrier gas, however its sensitivity is lower than that of the FID.  
However, other detectors are available, for example: NPD is particularly useful for 
pharmaceutical or environmental analysis due to its higher sensitivity to compounds 
containing nitrogen and phosphorous; FPD is also used for environmental analysis as well 
as the field of bioscience, since it has higher sensitivity to compounds containing sulphur 
or phosphorous.  ECDs and µ-ECDs are extremely sensitive to halocarbons (but little 
else) which makes them a valuable tool when investigating trace levels of pesticides and 
herbicides: the down side to ECDs and µ-ECDs, is that they utilise the radioactive 63Ni 
isotope which requires special licensing.  Unless already in place, the added expense of 
suitable protocols for their usage is not usually justified. 
 
The conditioning period mentioned in the sub-section above can be used to monitor the 
removal of adsorbed compounds from the surface.  By noting the change in current as a 
result of desorbed species, and observing the attainment of a constant minimum it is 
possible to be sure that a stable surface condition has been reached.  This is not always 
(directly) possible: for example it is not safe practice to leave a hydrogen generator 
unobserved, but with a significant conditioning period it is often necessary to condition 
overnight.  Whilst it does not allow for interpretation, this can be surmounted by 
observing the current when the flame is ignited at the end of the conditioning period. 
 
 
                                               
3
 Using an auxiliary unit to the Agilent 6890 Gas Chromatograph, the H2 is produced, in this instance, by 
the electrolysis of distilled water. 
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3.2.5.4 - The Column 
 
The term column in this sense refers to a tube packed with the material of interest rather 
than the tubing material, which is not to say that the tubing material is unimportant.  The 
packing material must meet certain requirements.  Since the surface properties of the 
material are of interest a stronger response is achieved by maximising the surface area 
interrogated.  In this sense it would appear that nano-particles would be ideal although in 
practice this is not the case.  Particles must be large enough to permit the flow of the 
carrier gas through the packed column, whilst being small enough to provide a suitably 
large surface area.  The usual compromise is to use particles of approximately 200-300 
µm in size.  Hence it has been necessary to pelletise samples, break these pellets and sieve 
to remove inappropriately sized particles.  These particles are then packed into the 
column using the ‘tap-and-fill’ method (Chehimi et al 1999).  This method is generally 
considered to provide the best compromise between achieving good filling whilst 
preventing blockages from forming due to over packing.  Other methods are used, but 
those that utilise vacuum pumps, for example, are more likely to lead to the formation of 
blockages when packing the column.  Glass wool is placed in the end of the column to 
prevent contamination and loss of the material.  As mentioned at the beginning of this 
sub-section the tubing material is of importance.  Whilst the tubing represents a 
comparatively small area when considered with the particulated material (about 1%), an 
active surface could have a significant effect on the results.  Other factors of possible 
significance, therefore, include the operating temperature which will usually be in the 
region of 100-200 oC, and malleability of the column which will need to be straight for 
filling and emptying, but will normally be coiled for experimentation (principally so that 
it will fit in the oven).  The most popular choice of material then is stainless steel, which 
is relatively easy to source.  Other materials are occasionally used, such as PTFE.  By 
convention the tubing that is used has an outer diameter of either ⅛ or ¼ of an inch (~ 3.2 
or ~6.5 mm), and columns will be 32 cm or 1 m in length, although tube length may vary.  
As mentioned in sub-section 3.2.3, above, column length is one method of increasing the 
retention time so that a distinct separation between the probe and the marker probe may 
be achieved.  The problem with this lies in the broadening of the peak due to the 
increasing time that it takes for the probe to pass through the column.  The larger the 
probe the longer that it will take for a probe to pass through the column and hence the 
broader the peak when detected: broader peaks are, naturally, less intense and 
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consequently more difficult to manipulate to determine the retention time.  As mentioned 
in sub-section 3.2.3 a balance is required between a column of increased (or decreased) 
length and the use of probes that lie outside the usual set.  The manipulation of the flow 
rate is another possibility.  The choice will ultimately lie with the behaviour of the most 
useful probes and their respective retention times and peak shapes.  Hence, it will 
sometimes be necessary to carry out one or more trials. 
 
3.2.5.5 - Polymers 
 
The preparation of ormosil particles for use in IGC columns was discussed in sub-section 
3.2.5.4.  Since this thesis will also seek to model the interaction between the ormosil 
particles and the polymer resin it is necessary to determine the surface properties of the 
polymer system.  A polystyrene (MW = 32,000 g/mol, polydispersity = 2, determined by 
Dr. Henryk Herman using Raman Spectroscopy and a proprietary algorithm) in bead form 
(injection moulding precursor), has also been used to provide a reference.  The polyester 
resin was investigated in both a cured and uncured form.  The cured form was simply 
ground and sieved to yield the 200-300 µm fraction, to provide continuity with the 
ormosil particles.  This technique was also applied to the polystyrene bead.  More 
challenging was the production of samples of the uncured resin.  An established technique 
is to coat particles of a support material with a solution of the polymer in solution.  Prior 
to the work of Al-Saigh and Munk [1984], the solution would be introduced to the 
support material and then placed in, for example, a rotary evaporator to allow the solvent 
to be removed.  Al-Saigh and Munk [1984] noted that there were certain discrepancies in 
the data that they were interested in and suggested possible causes for these discrepancies.  
One of these was loss of polymer in the coating process: they suggested that material was 
left behind on the glassware used and more importantly in the evaporator.  They proposed 
a new method for the coating of polymers onto support materials, which is now routinely 
used.  In this method, the support material is placed as a cone onto a surface such as a 
watch glass.  A small quantity of solution is dripped on to the cone such that the top of the 
cone is wetted but that the solution does not permeate through the cone to the watch glass.  
Once the solvent has evaporated the support material is thoroughly mixed and the process 
is repeated, until the whole of the solution or a thick enough coating has been applied.  
The support material used for this experiment was Chromosorb (Sigma), which is a 
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silicacious material.  Toluene (Sigma), having been used previously (Jesson et al 2004b) 
with some success was chosen as the solvent.  Preliminary investigations showed that the 
coated support material quickly became sticky and difficult to work with.  The choice of 
solvent was chloroform, CHCl3.  This proved to be more effective, although a low 
concentration was still required.  A 2 wt% solution was produced for both polymers; in 
the case of the polyester this was calculated on the assumption that the styrene component 
would evaporate with the solvent.  XPS (see sub-section 3.2.5.6, below), showed that a 
significant coating of polymer was deposited but that this layer was not so thick that 
silicon could not be observed in the spectra.  Attempts to increase the thickness of the 
polymer led to the particles agglomerating and becoming difficult to work with.  
However, whilst the silicon peak was still visible, the decrease in its size in the spectra 
resulting from the Mg Kα source compared to that of the monochromated Al Kα source 
is suggestive of a thin, uniform overlayer coverage of the surface, with few adsorption 
sites of the native Chromosorb still accessible.  This comparison using two different 
sources is used again in sections 4.2.  The essence of this method is that the Mg Kα 
source is less energetic than that of the Al Kα source and hence the kinetic energy of the  
electrons is less and they are not able to escape from as great a depth (~1 nm less).  If the 
surface has a uniform overlayer coverage, then the intensity of the peaks that are 
characteristic of the polymer will increase and those of the substrate will decrease.  
Whilst the thickness of the coating has not changed, its contribution to the depth that is 
being analysed increases when the depth decreases.  If however, the surface coverage is 
more disperse, then the intensity of the peaks will not change significantly since all 
elements will still be equally available.  Figures 3.6 and 3.7 are of the untreated 
Chromosorb, whilst Figures 3.8-3.11 compare sources for the polyester coated 
Chromosorb and Figures 3.12-3.15 compare sources for the polystyrene coated 
Chromosorb.  It can be seen that for both polymers there is a significant increase in the 
C1s peak when using the Mg Kα source.  The C1s peak is larger for the polystyrene than 
the polyester because the polystyrene contains no oxygen, whilst this is a significant part 
of the polyester structure. 
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Figure 3.6 - XPS Survey Spectrum of Chromosorb  
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Figure 3.7 - High Resolution Spectra for the Principle XPS Core Levels of 
Chromosorb  
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Figure 3.8 - XPS Survey Spectrum of Polyester Coated Chromosorb, Al Kα 
Radiation 
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Figure 3.9 - High Resolution Spectra for the Principle XPS Core Levels of Polyester 
Coated Chromosorb 
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Figure 3.10 - XPS Survey Spectrum of Polyester Coated Chromosorb, Mg Kα 
Radiation 
 
 
200
400
600
800
1000
1200
1400
280281282283284285286287288289290291292293294
Co
un
ts
 
/ s
Binding Energy (eV)
C1s
C1s
0
1000
2000
3000
4000
5000
526527528529530531532533534535536537538539540
Co
u
nt
s 
/ s
Binding Energy (eV)
O1s
100
200
300
400
500
600
700
800
96979899100101102103104105106107108109110
Co
un
ts
 
/ s
Binding Energy (eV)
Si2p
1640
1660
1680
1700
1720
1740
1760
1780
1800
1820
1840
1860
1880
393394395396397398399400401402403404405406407
Co
u
n
ts
 
/ s
Binding Energy (eV)
N1s
 
 
Figure 3.11 - High Resolution Spectra for the Principle XPS Core Levels of Polyester 
Coated Chromosorb 
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Figure 3.12 - XPS Survey Spectrum of Polystyrene Coated Chromosorb, Al Kα 
Radiation 
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Figure 3.13 - High Resolution Spectra for the Principle XPS Core Levels of 
Polystyrene Coated Chromosorb 
O2s 
Al2p 
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Figure 3.14 - XPS Survey Spectrum of Polystyrene Coated Chromosorb, Mg Kα 
Radiation 
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Figure 3.15 - High Resolution Spectra for the Principle XPS Core Levels of 
Polystyrene Coated Chromosorb 
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3.2.5.6 - XPS 
 
Modification of the surface by a probe is a possibility that must be considered.  Since 
columns will be used for a number of probes at a particular temperature, it is necessary to 
ensure that modification has not taken place or it is possible for discrepancies in the data 
to be introduced.  It is not easy to detect if there is partial elution of the probe since, 
whilst similar volumes of particular probes are used, the samples are drawn from the gas 
phase and it is not possible to ensure that the same number of molecules is used each 
time.  Analysis of pre- and post-IGC samples is not a well reported step in the process, 
and it can only be assumed therefore that it is not normally carried out.  The experiments 
that have been carried out for this thesis have benefited from being carried out at The 
Surface Analysis Laboratory, School of Engineering, University of Surrey.  This has 
meant that an unusual combination of tools has been available for use.  Whilst possibly 
not unique, there are very few research groups that have such ease of access to both IGC 
and XPS.  XPS was carried out using a Thermo VG Scientific Sigma-Probe, with an Al 
micro-focus monochromated source as well as an Al/Mg twin anode source.  The Al Kα 
monochromated source is capable of 15-500µm spot size, 500µm being used in this work 
whilst the Mg Kα source is unmonochromated, and has a slightly larger spot.  As part of 
the analyses of these materials by IGC it was possible to check samples, using XPS, 
before and after experimentation to determine if there was any modification of the surface 
by the probes used.  No differences in the spectra were observed for any of the samples.  
An example of before and after spectra are presented in Figures 3.16-3.19.  The only 
significant difference in the two sets of spectra is a small peak of sodium (Na1s, 1072 eV) 
with a corresponding Auger peak (Na-KL23L23, 497 eV).  If the sodium were due to the 
presence of sodium chloride then it would be reasonable to expect a more significant 
chlorine signature (Cl2p3, 199 eV) since XPS is more sensitive to chlorine than to 
sodium.  This is not in fact the case, and sodium is most likely to be an artefact of the 
production process.  This means that it occasionally shows up in the ormosils, but not 
with repeatability and not in significant quantities.  The most obvious change in the 
ormosils that might be expected as a result of interaction with the IGC probes is the 
bonding of chlorine to the surface.  As has already been stated, there is no evidence of 
chlorine in the post-IGC spectra.  Shifts in the peaks as a result of a change in bonding or 
the presence of other bonding from retained probes or reacted groups are not seen. 
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Figure 3.16 - XPS Survey Spectrum of Vinyl Ormosil, Pre-IGC  
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Figure 3.17 - High Resolution Spectra for the Principle XPS Core Levels of Vinyl 
Ormosil, Pre-IGC  
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Figure 3.18 - XPS Survey Spectrum of Vinyl Ormosil, Post-IGC  
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Figure 3.19 - High Resolution Spectra for the Principle XPS Core Levels of Vinyl 
Ormosil, Post-IGC  
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3.2.5.7 - Thermo-Gravimetric Analysis 
 
Thermo-Gravimetric Analysis (TGA) has been used to evaluate the stability of the 
modified silicas.  Figure 3.20 presents the analysis of the particles where the modified 
particles have been off-set (in increments of 5%) with reference to the commercial silica.  
The losses associated with the silicas are consistent with the loss of adsorbed molecules 
such as H2O. 
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Figure 3.20 - TGA Analysis of Silica Particles  
 
 
3.2.5.8 - Probes 
 
The marker probe used for these experiments was methane (Fluka, GC).  Alkanes pentane 
(Aldrich, HPLC), hexane (Aldrich, HPLC), heptane (Fluka, GC), octane (Aldrich, 
HPLC), nonane (Aldrich, HPLC) and decane (Aldrich, HPLC) were used.  Eight polar 
probes were used.  Dioxane (Fluka, GC) has a completely basic character, whilst carbon 
tetrachloride (Prolabo) has a completely acidic character.  Other probes are nominally 
acidic (dichloromethane (Aldrich, HPLC), chloroform (Sigma-Aldrich, HPLC) and tert-
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butanol (Fluka, GC)) or basic (diethylether (BDH, AnalaR), methyl acetate (Fluka, GC) 
and Tetrahydrofuran (Sigma-Aldrich, HPLC)), whilst having minor basic or acidic 
characteristics respectively.  These probes are presented in Table 3.1, together relevant 
chemical information. 
 
Table 3.1 - Chemical information for IGC Probes 
Probe Abbreviation Character AN*/ kcal 
mol-1 
DN/   kcal 
mol-1 
Tb/ oC 
pentane n-C5 apolar - - 36.1 
hexane n-C6 apolar - - 68.7 
heptane n-C7 apolar - - 98.4 
octane n-C8 apolar - - 125.7 
nonane n-C9 apolar - - 150.8 
decane n-C10 apolar - - 174.1 
dichloromethane CH2Cl2 acidic 3.9 0 40 
chloroform CHCl3 acidic 5.4 0 61.2 
carbon tetrachloride CCl4 acidic 0.7 0 77 
tert-butanol ter-but acidic   83 
diethylether DEE basic 1.4 19.2 34.6 
methyl acetate Me-Acet basic 1.6 16.5  
tetrahydrofuran THF basic 0.5 20.0 66 
dioxane DXN basic 0 14.8 101 
 
3.3 - Surface Free Energy  
 
The surface free energy, γsd, represents an important property regarding the activity of a 
surface.  Using IGC this property has been determined using the methods and materials 
outlined in section 3.2.  γsd for a range of temperatures has been compared for the 
ormosils and a commercial silica in Figures 3.21.  As would be expected, γsd decreases 
with increasing temperature.  If the value of γsd for the methyl ormosil at 40 oC is taken to 
be anomalous, then, in general, the slope of the graph of γsd against temperature for a 
given ormosil is comparable with any other.  The slope of the graph of γsd against 
temperature for the commercial silica is slightly greater than that of the ormosils.  This is 
believed to be a real effect due to the fit of the slope to the series (Table 3.2). 
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Figure 3.21 - γsd of Ormosils and a Commercial Silica as a Function of Temperature 
 
 
 
 
Table 3.2 - Values of the Slope and Linear Regression for the Datasets of Figure 3.21 
Silica  slope linear 
regression 
Temperatures considered 
(T/ oC) 
HDK N20  -0.27 0.9995 all 
a -0.28 0.9724 all methyl modified 
b -0.20 N/A 125, 150 
ethyl modified  -0.17 1.0000 all 
vinyl modified  -0.15 0.9995 all 
phenyl modified   -0.19 0.9757 all 
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In Table 3.3, the data presented here are compared with other research.  Papirer et al 
[2000] conduct a similar comparison and show that γsd ranges between 30 and 175 mJ m-2 
for differently prepared silicas.  They also show different values of γsd for the same 
material with the greatest difference being approximately 10 mJ m-2.  Unfortunately, 
Papirer et al [2000] do not describe the conditions under which they examine HDK N20, 
so it is not possible to infer where differences in γsd might arise.  However, the present 
work is comparable to that of Papirer et al [2000].  Also this analysis is more interested in 
comparative than definitive values. 
 
Table 3.3 – A Comparison of γsd for Commercial Silicas and Polymers 
Material Description γsd/   
mJ m-2 
T/ 
oC 
Source4 
46.6 100 Present work HDK N20 Amorphous, hydrophilic, 
produced by Flame 
Hydrolysis 
57 110 Papirer et al [2000] 
Silica No specifics 78 20 
Polyethylene Low density 41.4 20 
No specifics 33.2 20 
Brewis and Briggs [1985] 
60.8 30 Kontominas et al [1994a] 
Polystyrene 
On Chromosorb support 
29.3 45 Present work 
 
The polyester system has also been examined.  The polyester system is compared in a 
cured and uncured state.  In the uncured state it may be taken that the information 
presented relates only to the pre-polymer chains, whilst the cured system will be modified 
slightly by the presence of cross-linking styrene chains and the paraffin wax used to 
produce a non-permeable layer during storage (sub-section 2.2.4).  The diluent (styrene, 
sub-section 2.2.3) and the paraffin wax are removed during the procedure used to coat the 
uncured polyester onto the Chromosorb support (sub-section 3.2.5.5).  As mentioned in 
sub-section 3.2.5.5, it is an accepted fact that the support material will have an effect on 
the values of the thermodynamic properties of the polymers examined (Guillet et al 
                                               
4
 With the exception of the data by Brewis and Briggs [1985] (which were determined by contact angle 
methods), all the data in Table 3.4 was determined by IGC 
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1989).  To examine this effect, a polystyrene was used as a control.  This was examined 
as both a particulate and as a coating on a support material.  As with the ormosils, three 
temperatures were compared, 40, 45 and 50oC.  The data presented in Table 3.4 is for γsd 
at 45 oC.  This is representative of the data, although the difference due to temperature 
was not as great as that seen in the ormosils.  This is probably due to the fact that the 
range of temperatures used was much smaller than the range used for the ormosils.  The 
values for polystyrene are somewhat lower than those observed in the literature for IGC, 
but are similar to those using other methods.  It is suggested that in the case of the work 
of Kontominas et al [1994a,b], the choice of solvent and the subsequent drying procedure 
may have affected the surface produced and may have led to oxidation of the sample. 
 
Table 3.4 - γsd of Polymers at T = 45oC  
Polymer γsd/ mJm-2 
PEs, cured, ground 31.9 
PEs, coated Chromosorb 31.3 
PS, ground 30.5 
PS, coated Chromosorb 29.3 
 
3.4 - Acid-Base Properties 
 
The IGC data has been processed to determine the KA and KD as well as the derived 
parameter the surface character, SC, of the silicas and polymers, as described in sub-
section 3.2.4.  These values are presented in Table 3.5.  The ethyl modified silica was the 
most difficult to characterise and the data presented here represents the best fit.  The 
methods presented in sub- section 3.2.4, with the exception of methods 3 and 4, have 
been used to evaluate the ethyl modified silica.  None presented the good fit that has been 
observed with the other silicas, and so the best fit that can be determined using the Tb 
method has been used for the sake of consistency.  This difficulty was predominantly due 
to the values of ∆GaAB for the chlorinated probes.  On the subject of chlorinated probes 
Vagner et al [2003] comment (where ∆GaSP = ∆GaAB):  
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“It is noteworthy that, in the case of chlorinated probes, the values of ∆GaSP are almost 
negligible or even negative, indicating limited interactions between these polar probes 
and the polar surface of the samples.  This may result from hinderance [sic] of the access 
to the most energetic sites for steric reasons for tetrahedral molecules such as 
chlorinated probes.  In this case we probably have a size-exclusion effect.” 
 
A ‘negligible or negative’ value of ∆GaAB implies that the probe in question has been 
eluted more quickly from the column than the non-polar alkanes.  In theory this should 
not happen as the polar probes interact to a greater degree than the non-polar probes.  
Even if this interaction is limited, the elution time for a polar probe should be longer due 
to the greater size of the polar probe molecules.  However, if there are different types of 
adsorption site with different accessibilities, then potentially the smaller alkanes will be 
eluted more slowly as they are interacting with a larger number of sites.  It is probable 
that this explains the particular difficulty with characterising the ethyl modified silica 
(which is shown to behave unusually in Chapter 4).  Whilst slightly more significant than 
those for the ethyl modified silica the ∆GaAB values for the other modified silicas are 
small and so it is possible that a similar effect is occurring that is having a greater effect 
on the ethyl modified silica.  From the data produced from this current research, this is as 
far as this speculation may be taken.  However, this argument is important to the surface 
morphology of the particles and hence contributes to the model that will be put forward 
for the interaction between the polyester and the modified silica particles.  This being the 
case, this subject is discussed further in Chapter 9, when further work is considered. 
 
It is, perhaps, not surprising that there is no significant change in these properties with 
temperature for the polymers, since the temperature range over which the polymers were 
studied is comparatively narrow.  However, there does appear to be a significant 
difference between the samples on the support material and those that are ground from 
bulk materials.  In the first instance it might be reasonable to assume that this is due to the 
support material and that the support is inadequately coated, allowing more active groups 
to interact with the polar probes through the coating.  However, XPS shows that the layer 
is continuous, even if it is thin.  Under these circumstances it is unlikely that the support 
can have anything but a minor effect on the values in Table 3.5.  What is more likely is a 
conformational change in the polymers.  In order to coat the support, it is necessary that 
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the polymers undergo some kind of packing.  In their bulk states this is less likely to 
occur.  The polymer systems are essentially basic.  Whilst the Chromosorb is essentially 
de-functionalised, it is processed from a slightly acidic source, meaning that it is possible 
that the polymers are bonding to a greater or lesser extent to the support, leaving fewer 
groups to interact with the probes. 
 
The most obvious fact about the silicas, is that in general the ormosils show much less 
surface activity than the commercial silica.  In all cases KA (signifying acidic character) is 
much less than that of the commercial silica.  The phenyl modified silica has the largest 
value of KA amongst the ormosils and this is less than half the value of the commercial 
silica.  The phenyl modified silica also has the largest value of out of all the silicas, and 
this includes the commercial silica.  The overall picture, therefore, is that the commercial 
silica has a surface that is predominantly acidic, with some basic activity, with the reverse 
being true of the phenyl modified silica.  The phenyl ormosil is not as basic as the 
commercial silica is acidic.  The other ormosils show comparatively little in the way of 
activity, and appear to be more amphoteric in nature.  Surface activity increases with 
increasing complexity of the organic moiety. 
 
Table 3.5 - Acid-Base Characteristics for a Range of Materials investigated by IGC 
100oC 125oC 150oC Material  
KA KD SC KA KD SC KA KD SC 
HDK N20 0.82 0.36 0.43 0.73 0.29 0.40 0.65 0.28 0.44 
methyl 0.05 0.04 0.69 0.05 0.08 1.74 0.04 0.09 2.19 
ethyl 0.08 0.15 2.02 0.03 0.18 6 0.01 0.03 3 
vinyl 0.18 0.13 0.72 0.11 0.05 0.43 0.10 0.01 0.11 
phenyl 0.35 0.60 1.69 0.15 0.26 1.74 0.19 0.29 1.55 
 40oC 45oC 50oC 
PEs (uncured) 
(coated Chromosorb) 
0.46 2.77 5.96 0.37 3.03 8.20 0.47 3.03 6.40 
PEs (cured) 0.13 1.36 10.41 0.13 1.61 12.42 0.15 0.90 6.17 
PS 0.31 2.69 8.56 0.27 2.71 10.05 0.28 2.67 9.39 
PS (coated Chromosorb) 0.53 1.10 2.09 0.52 1.78 3.40 0.53 1.29 2.45 
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3.5 - Enthalpy of Adsorption 
 
When a material is investigated at a number of temperatures, then the enthalpy of 
adsorption, ∆H, may be determined from in equation 3.19, a variant of the Van’t Hoff 
equation.   





∆−=
T
dHVRd n
1
.)ln(                                               3.19 
 
This is demonstrated in Figure 3.22, where the function Rln(VN) is plotted against the 
inverse of the temperature (in Kelvin).  -∆H is thereforethe negative of the gradient, in the 
case of Figure 3.22, which is diethylether adsorbed on polystyrene, and -∆H is 39.4 
kJmol-1.  This information has been summarised for the probes used and the materials 
involved in Table 3.6.  Some of the values presented here, particularly those for the 
phenyl modified silica and the uncured polyester (on Chromosorb support) are included 
for completeness.  These values are not as precise as those presented for the other series 
(as determined by linear regression).  The key aspect that may be determined from this 
information, is that it supports the determination made by XPS, that the process taking 
place is physisorption with no change of the surface as a result of interaction with the 
probes. 
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Figure 3.22 - The Determination of the Enthalpy of Adsorption 
Chapter 3 
100 
 
Table 3.6 - Enthalpies of Adsorption (-∆H/ kJmol-1) of IGC Probes Onto a Range of 
Substrates 
ormosils Crystic  
2-406PA) 
Poly 
(styrene ) 
Probe  HDK 
N20 
methyl ethyl vinyl phenyl 
Crystic  
2-406PA 
 Poly 
(styrene) 
coated Chromosorb 
n-C5 34.7 47.8 37.8 31.8 42.4 - - 18.5 21.8 
n-C6 41.2 54.8 43.4 36.2 48.9 - - 66.9 25.2 
n-C7 47.0 61.9 48.8 39.8 54.2 35.6 21.5 120.9 30.2 
n-C8 54.1 68.7 54.5 46.1 60.1 33.8 22.2 104.9 35.3 
n-C9 49.0 55.4 60.0 51.7 65.7 33.8 31.4 112.8 - 
n-C10 56.0 61.1 65.8 56.7 71.3 38.1 36.7 - - 
CH2Cl2 38.9 43.1 34.7 33.0 31.5 40.6 63.0 119.7 49.0 
CHCl3 42.5 48.4 39.0 40.9 39.0 27.1 64.4 95.2 47.7 
CCl4 40.0 50.2 41.5 40.1 46.1 28.1 50.7 38.8 20.6 
ter-but - 51.2 47.2 51.5 60.1 - - 123.6 45.0 
DEE 67.5 53.9 42.3 47.8 49.9 - - 99.3 39.4 
Me-Ac 58.3 54.2 43.6 49.0 45.0 60.5 65.1 99.1 89.4 
THF 72.9 56.8 48.0 52.3 52.9 35.1 52.7 73.3 36.3 
Dioxane - 62.9 53.2 54.6 41.6 18.1 36.0 21.1 - 
 
3.6 - Summary 
This chapter has presented a method for determining the thermodynamic properties of 
materials and this method has been applied to ormosils and polymers.  The values 
determined for these materials have been compared to values determined by other 
researchers.  In the following chapter the chemical properties of the surfaces of these 
materials will be examined.  In Chapter 5, the thermodynamic and chemical properties of 
these materials will be brought together.  The surface morphology of the particles and the 
interaction of these particles with a polyester system will be discussed. 
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Chapter 4 -  Chemical Properties 
 
4.1 - Introduction 
 
In Chapter 2, adsorption isotherms were introduced as a method for examining surface 
properties.  Adsorption isotherms from the liquid phase can be determined, for example, 
by XPS and time-of-flight SIMS (ToF-SIMS).  This chapter will expand upon that 
introduction, as well as highlighting a number of other appropriate techniques such as the 
application of XPS to assess carbon layer thickness and the morphology of this layer.  
The following chapter will compare these results with the more thermodynamic data 
presented in the previous chapter and place these results in context, together with 
information from the Literature not already discussed, to propose a model for the 
interaction of the polymer system with the particles. 
 
4.2 - Adsorption Isotherms 
4.2.1 - Methodology 
 
Adsorption isotherms can be determined in a number of ways.  IGC, for example, can be 
utilised to produce isotherms: the most recent review of this technique by Roubani-
Kalantzopoulou [2004], includes details of a new ‘reversed flow’ method.  In this 
instance however, we are interested in the interaction between the modified particle and 
the matrix system and IGC would not be appropriate since the molecular weight of the 
matrix is too great to work with.  Whilst it might be possible to work with the constituent 
components as probes, this would not suit the purposes of the use of this technique.  
Instead, ToF-SIMS can be used: ToF-SIMS spectra of the particles and the resin are 
collected for reference and characteristic peaks are determined that can, in effect, be used 
to finger print a particular sample.  Toluene (Fisher, SpeciFied) was used to produce 
solutions of the resin, ranging between 0.1 and 10vol%, and to rinse off specimens at the 
end of the reaction time, thereby removing any poorly interacting or physically adsorbed 
molecules.  Toluene was used following the technique of Fowkes [1987] whereby a 
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solvent is found that is neutral with reference to both the adsorbent and the adsorbate.  
Another chemically suitable solvent would be, for example, CCl4, although this solvent 
poses difficulties from a Health and Safety standpoint.  Solutions of polyester in toluene 
were prepared in concentrations of 0.1, 0.5, 1, 2.5, 5, 7.5 10 vol%.  Samples of each of the 
three types of silicas massing 0.1±0.005g were dispersed in solution for 30 minutes in an 
ultra-sonic bath, and were filtered using a Büchner filter funnel.  The sample was filtered 
using excess toluene.  These particles are then examined using ToF-SIMS.  As the 
concentration of the solution varies, so does the intensity of the characteristic peaks, both 
those of the particle and those of the resin.  By monitoring the change in these intensities 
it is possible to determine an adsorption isotherm.  The characteristics of these isotherms 
can be used to determine surface properties as well as the interaction between the 
adsorbent and the adsorbate.  This work has focussed on HDK N20 (the commercial 
silica), ethyl ormosil (which has been taken as representative of the simplest ormosils, i.e. 
methyl, ethyl and vinyl, based on the thermodynamic properties presented in the previous 
chapter) and phenyl ormosil (which has shown some differences when compared with the 
simpler ormosils, again based on the thermodynamic properties presented in the previous 
chapter). 
 
4.2.2 - Results and Discussion 
 
Adsorption isotherms have been prepared from ToF-SIMS spectra of treated ormosils 
with reference to an unmodified, commercial silica.  Initially, characteristic peaks for the 
silicas and the polyester were determined.  It was also necessary to characterise the filter 
paper used to support the treated particles: this spectrum has not been included here, but 
was used to ensure that the peaks selected were not due to the support.  Figures 4.1 and 
4.2 show these characterisation spectra. 
 
The commercial silica (Figure 4.1a) presents, as would be expected, a clean surface with 
significant peaks at 28 Da (Si+) and 45 Da (SiOH+).  (The small artefact present between 60 
and 65 Da is likely to be due to a metastable ion, as suggested by Gilmore and Seah 1999).  
The presence of this metastable ion is not observed in the modified silicas, and this is 
probably due to the reduction in relative intensity due to the presence of comparatively more 
intense peaks nearby, as well as the reduction in intensity that might be expected from the 
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shielding of the surface by the organic groups.  Added complexity is seen in each of the 
ormosils.  In the case of the phenyl modified silica (Figure 4.1c) the C6H6+ (77 Da), is 
surprisingly small.  However, on inspection of the spectrum, a number of peaks 
corresponding to fragments of the phenyl ring can be observed (e.g. (C3H3)+ 39 Da, and 
(C4H7)+ 55 Da).  Whilst the phenyl ring is a stable structure, it is not unlikely that a ring, 
well bonded to the surface, would become fragmented.  The silica structure is difficult to 
disrupt since it requires the breaking of multiple bonds.  (Si-C6H6)+ can be observed at 
105 Da, but its extremely low intensity suggests that it is very difficult to produce this 
mass fragment.  Significantly, SiOH+ is still present in the ormosils, though clearly at 
reduced relative intensity.  (Both the ethyl and phenyl modified silicas have a peak at 23 
Da, which alludes to the presence of sodium, which has been mentioned previously as an 
artefact of the production process.  The peak may be considered as surprisingly large 
under the circumstances, especially as it is rarely seen in XPS.  In ToF-SIMS however it is 
an easy ion to remove as sodium is not chemically bonded to the ormosil particle). 
 
The polyester (Figure 4.2), as would be expected, has a more complex spectrum.  Of 
particular interest is the peak at 149 Da, just prior to the gain change at 150 Da.  To aid in 
the identification of characteristic peaks, a diagram of the likely structure of the polyester 
was produced.  Since the polyester is a random copolymer with a number of components 
in varying concentration, this can be little more than a guide for the eye, and no effort has 
been placed in considering the probabilities of the chemical reactions between these 
components to produce the most likely structure – based on a system where each 
component is used proportionally then there are of the order of 106 possible outcomes.  
Clearly the assumption made in the previous sentence is unlikely to be true and so the 
number of possible structures increases.  Figure 4.3 represents a possibility and how it is 
applied, showing how a particular fragment might be produced.  The ion that is released 
from the surface is extremely unstable, and it is probable that it condenses to make a more 
stable ion with the loss of a water molecule.  Another significant peak is associated with 
82 Da and adsorption isotherms for all three silicas examined are presented in Figure 4.4. 
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Figure 4.1 – ToF- SIMS Positive Spectra Comparing Untreated Silicas  
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Figure 4.2 – ToF- SIMS positive spectra of the Crystic 2-406PA (Not Post-Cured) 
gain changes have been applied at 150 and 225 Daltons. 
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Figure 4.3 – Representation of Crystic 2-406 PA and of the 149 Da ion 
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The ion produced at 82 Da has not been completely characterised, but is most probably a 
hydrocarbon fragment (from the polyester).  Although the structure of m/z = 82 Da has 
not yet been fully resolved (it is likely to be either C6H10+ or C4H2O2+ both of which are 
radical cations), it was chosen as a characteristic peak of the polyester which a) is not 
found in any of the silicas and b) is unusually intense for an even mass ion.  A possible 
structure is presented in Figure 4.4, although the mechanism that might produce such an 
ion has not yet been determined.  As mentioned above this ion is a radical cation, with an 
overall positive charge and free electron. 
 
O
H
H
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Figure 4.4 - Possible Structure of the 82 Da Ion 
 
As was mentioned in sub-section 2.5.4, adsorption isotherms can be characterised by a 
number of different equations.  The Langmuir isotherm is the simplest, although perhaps 
slightly idealised, with the Temkin isotherm representing a more complicated case.  
Figure 4.6 a-b represents the application of these models to the data presented in Figure 
4.5.  Trend lines have been fitted to this data, with the exception of the ethyl modified 
silica plotted according to the Langmuir isotherm (Figure 4.7).  In this case the ethyl 
modified data set is clearly divided into two sections and would not benefit from a trend 
line.  Linear regression analysis was applied to the trend lines of the data presented in 
Figure 4.7.  These values are presented in Table 4.1.  A result of R2 = 1 would represent a 
perfect fit.  It is clear therefore that, at least in the case of the commercial silica and the 
phenyl modified silica that the Langmuir isotherm fits the data very well.  So what of the 
ethyl modified silica?  Jesson et al [2004b] proposed that these two separate areas could 
be modelled individually.  Figure 4.7 shows that these two models both fit to the 
Langmuir model with a high degree of accuracy.  This relationship is also observed in 
other peaks from the ToF-SIMS spectra, as presented in Table 4.2.  This fits well with the 
picture presented in Figure 4.7 and Table 4.1.  It does not fit so well with that presented in 
Figure 4.6, however.  All three materials appear to show a decrease in RPI at about 1 to 
2.5 vol%.  A closer examination of Figure 4.6 suggests that whilst there is a good fit of 
┐ 
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the trend line to the data presented, the commercial silica and the phenyl silica can also 
each be regarded as two separate regions.  In fact, the comparison drawn in Table 4.3 
shows that the dual relationship model does not fit as well as a single isotherm for the 
commercial and phenyl modified silica.  This is discussed further in Chapter 5. 
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Figure 4.5 - Adsorption Isotherm of Polyester Resin using the 82 Da Peak  
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Figure 4.6 - A comparison of the Langmuir (a) and Temkin (b) Isotherms applied to 
the 82 Da peak 
 
Table 4.1 - Comparison of R2 for Trend Lines Applied in Figure 4.5 
R2 Material 
Langmuir Temkin 
HDK N20 (commercial Silica) 0.9523 0.4006 
ethyl modified silica - 0.1429 
phenyl Modified silica 0.9744 0.3459 
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Figure 4.7 - Ethyl Modified Silica as two Langmuir Isotherms 
 
 
Table 4.2 - Comparison of Langmuir Relationships for Peaks Produced by ToF-
SIMS 
HDK N20 ethyl modified phenyl modified 
R2 R2 Peak R2 Peak R2 
(0-2.5%sol) (2.5-10%sol) 
peak R2 
77 0.9713 77 0.3208 0.7779 0.9863 67 0.985 
82 0.9523 82 0.0745 0.9704 0.9889 82 0.9771 
87 0.9801 149 0.0288 0.8136 0.9999 104 0.9817 
as presented in Jesson et al [2004b] 
 
 
 
 
 
 
Chapter 4 
110 
 
0
0.5
1
1.5
2
2.5
0 0.001 0.002 0.003 0.004 0.005 0.006
Concentration/ [M]
M
o
la
r 
co
n
ce
n
tr
a
tio
n
/R
PI
 
(82
)
HDK N20 
phenyl modified silica 
 
Figure 4.8 - Commercial and Phenyl Modified Silicas Presented as Two Separate 
Langmuir Isotherms 
 
 
Table 4.3 - Comparison of R2 for Trend Lines Applied in Figures 4.6 and 4.7 
R2 Material 
Single 0-2.5 vol% 5-10 vol% 
HDK N20 (commercial silica) 0.9523 0.9848 0.6788 
phenyl modified silica 0.9744 0.9863 0.9606 
ethyl modified silica - 0.9704 0.9889 
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The argument for the dual Langmuir Isotherm is by no means conclusive for the 
commercial and phenyl modified silicas, but represents the simplest explanation in the 
case of the ethyl modified silica.  Watts et al [2000], determined that an apparent 
multilayer adsorption (an increase in the isotherm after the isotherm had apparently 
plateaued was in fact a conformational change in the adsorbed polymer.  They argued that 
this conformational change was due to increasing numbers of polymer-solvent 
interactions in high concentration solutions, leading to perturbation of the polymer chains 
which in turn allows a higher packing density when adsorbed onto a substrate.  The 
alternative would be that the polymer chains were interacting in the higher concentration 
solutions.  Watts et al’s [2000] use of the approach of Kurata and Tsunashima [1989] 
showed that all the solutions used could be considered dilute and so the former argument 
was supported.  Whilst it has not been possible to follow the approach of Kurata and 
Tsunashima [1989] in this case (due to insufficient information regarding the polyester) 
the molar concentrations are extremely small (10 vol% = 5.55 x 10-3 M).  Therefore it is 
believed that the polyester is adsorbing onto the ethyl modified silica, but that at around 1 
vol% (5.55 x 10-4 M) the configuration of adsorbed polyester chains changes slightly.  
This leads to an increase in the adsorbate on the substrate.  In all three cases however it is 
believed that a chemisorption process is taking place and that this is possibly an acid-base 
interaction.  The argument of Watts et al [2000] could be applied in this case suggesting 
that there is a conformational change to the polyester adsorbed onto the surface of the 
silica particles. 
 
4.3 - XPS 
4.3.1 - Introduction 
 
XPS has been used to examine the surfaces of the various particles as well as the 
polyester resin, both cured and uncured.  Analyses have been carried out using both a 
mono-chromated Al Kα source and an Mg Kα source.  From these analyses a number of 
properties can be derived.  The XPS spectra for these samples is presented in Figures 4.9-
4.15.  The data that has been derived from these spectra is presented and discussed in 
following sections. 
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Figure 4.9 - XPS Survey Spectra of HDK N20 (Commercial Silica) Comparing (a) Al 
Kα  and (b) Mg Kα Sources 
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Figure 4.10 - XPS Survey Spectra of Methyl Modified Silica Comparing (a) Al Kα  
and (b) Mg Kα Sources 
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Figure 4.11 - XPS Survey Spectra of Ethyl Modified Silica Comparing (a) Al Kα  
and (b) Mg Kα Sources 
(a) 
(b) 
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Figure 4.12 - XPS Survey Spectra of Vinyl Modified Silica Comparing (a) Al Kα and 
(b) Mg Kα Sources 
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Figure 4.13 - XPS Survey Spectra of Phenyl Modified Silica Comparing (a) Al Kα 
and (b) Mg Kα Sources 
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Figure 4.14 - Survey Spectrum of Uncured Crystic 2-406 PA 
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Figure 4.15 - Survey Spectrum of Cured, Ground Crystic 2-406 PA  
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The organic modification that has been carried out means that parts of the silica network, 
instead of terminating in highly acidic –OH groups, now terminate in an organic group 
such as –CH3.  Of interest to this assessment of the surface properties is the aeric density 
of these organic moieties, whether or not there are any retained silanol groups, and the 
conformation of these groups on the surface.  Some of this information will come, 
indirectly from the data produced from IGC.  XPS data can also be used to determine a 
number of properties.  Whilst not strictly a surface analysis technique, Infra-Red (IR) 
spectroscopy can be used to interrogate the bonding between the organic and inorganic 
moieties. 
 
4.3.2 - Carbon Over-layer 
 
Many attempts have been made to quantify the thickness of carbon layers.  Cross and 
Dewing [1979] have demonstrated the application of an intensity calculation to coated 
spherical particles: 
 
θλ cos
d
d eII
−
∞
=                                                           4.1 
 
where the intensity of the Si2p peak is measured for the commercial silica, I∞, and for the 
modified silicas, Id: λ is the inelastic mean free path of an Si2p electron through a carbon 
layer, d is the depth of the carbon layer and θ is the electron take off angle, relative to the 
sample.  θ is normally taken as 90o, but it has been shown that in the case of a particulate 
material cos θ tends to 0.5.  Thus, the depth of a carbon overlayer is given by: 
 






=
∞
dI
Id ln5.0 λ                                                       4.2 
 
Whilst not perhaps a strictly accurate application, since the organic moiety is bonded 
rather than adsorbed on the surface, this technique has been applied to the ormosils using 
the commercial silica to determine I∞.  The thickness of the organic layer has been 
derived from data collected using both Al Kα and Mg Kα sources.  The results of these 
calculations are presented in Table 4.4, together with the constants used. 
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Table 4.4 - Determination of Organic Thickness from the Intensity of the Si 2p Peak 
Al Kα Mg Kα Ormosil 
Id d / nm Id d / nm 
methyl 4506.83 2.003 1972.76 0.883 
ethyl 3932.97 2.218 1513.60 1.271 
vinyl 3944.19 2.214 1519.22 1.265 
phenyl 2388.6 3.008 1096.00 1.743 
     
 I∞ = 15969.94 λSi = 3.166 I∞ = 3609.72 λSi = 2.924 
λSi values from NIST [2000] 
The ratios of C/Si and O/Si have been determined, again from data from both Al Kα and 
Mg Kα sources.  The results of these calculations are presented in Table 4.5, together 
with the atomic percentage of the relevant elements found in the XPS survey. 
 
Table 4.5 - Comparison of C 1s, O 1s Si 2p Peak Intensity  
Al Kα Mg Kα Ormosil 
C 1s 
(at%) 
O 1s 
(at%) 
Si 2p 
(at%) 
C/Si O/Si C 1s 
(at%) 
O 1s 
(at%) 
Si 2p 
(at%) 
C/Si O/Si 
HDK N20 3.95 68.34 22.36 0.18 3.06 6.98 63.48 25.68 0.27 2.47 
methyl 23.09 46.11 9.99 2.31 4.62 32.62 44.43 19.47 1.68 2.28 
ethyl 30.88 30.96 12.92 2.40 2.40 44.60 36.43 12.41 3.59 2.94 
vinyl 28.98 37.61 13.60 2.13 2.77 45.22 38.88 9.71 4.66 4.00 
phenyl 60.14 23.38 10.55 5.70 2.22 61.40 23.38 9.37 6.55 2.2 
 
The cured polyester shows small traces of silicon.  This is attributed to a PDMS type 
contaminant which the sample picked up during the production process. 
 
Taken together, the data in Tables 4.4 and 4.5 shows that the organic layer grows in 
thickness as the size of the organic group increases.  It also shows that the organic 
functionality is not present as a uniform overlayer coverage.  The phenyl groups do not 
form a uniform coverage on the surface of the particle.  At the risk of repeating what was 
said in sub-section 3.2.5.5, the central tenet of this method is that the Mg Kα source leads 
to photo-electrons with less kinetic energy than those excited by the Al Kα and hence 
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they are not able to escape from as great a depth.  If the surface has a uniform overlayer 
coverage then the intensity of the C1s peak will increase and Si2p will decrease.  As dMg 
≠ dAl, the organic species are not present as a uniform overlayer but in a patchy, island 
like distribution. 
 
4.4 - Infra-Red Spectroscopy 
 
Infra-red (IR) spectroscopy has been used to examine the particles.  Initially, the IR 
analyses show features for each of the ormosils that can be used to identify different 
particles.  These groups, and their associated peaks and bands, are presented in Table 4.6. 
 
Table 4.6 - IR Peaks Assigned to Si-R Type Bonds 
Ormosil Bond cm-1 Bond cm-1 
methyl  Si-CH3 765   
ethyl  Si-CH2CH3 1250-1220 
1020-1000 
970-945 
  
vinyl  Si-CH=CH2 1925 
1615-1590 
1410-1390 
1020-1000 
1410-1390 
1020-1000 
980-940 
580-515 
-CH=CH2 3150-3000 
3070-2930 
1645-1640 
1440-1360 
1330-1240 
1180-1010 
1010-940 
980-810 
phenyl  Si-Ph 3080-3030 
1600 
1480-1425 
1125-1090 
730 
700-690 
  
Source: Socrates [2001] 
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The details for the phenyl ring have not been included in this table.  Aromatic compounds 
are generally identified by component bonds e.g. C-H and C=C.  The case is not entirely 
that simple, but those key peaks tend to lie in the region below ~1000 cm-1 which is 
generally treated as a zone where specific attributes can not be stated with certainty.  The 
analyses of the silicas are presented in Figures 4.16-4.20.  Samples were prepared by 
grinding the particles with potassium bromide (KBr), from which discs were produced, 
using pressure.  No special precautions were taken in the preparation of the discs.  
Differences in the baseline, i.e. the transmittance recorded for wavenumbers not 
associated with vibrations, between (a) different parts of the same sample and (b) 
different samples are likely to be due to differences in the transparency of and between 
samples.  The distribution of ormosil particles in the KBr and the crystal size of the KBr 
particles can have a significant effect upon the transparency of the sample. 
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Figure 4.16 - IR Spectrum for HDK N20 (commercial silica) 
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Figure 4.17 - IR Spectrum for methyl modified silica 
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Figure 4.18 - IR Spectrum for ethyl modified silica 
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Figure 4.19 - IR Spectrum for vinyl modified silica 
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Figure 4.20 - IR Spectrum for phenyl modified silica 
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Morrow and Gay [2000] present a general analysis of silica by IR and NMR methods.  
One of the most characteristic groups of silicas is the silanol group, and features 
associated with this group are generally found at around 3400 - 3800 cm-1: this region is 
considered in more detail in Figure 4.22.  When silanol peaks are present in large 
numbers in close proximity they are likely to bond using H-bonds, as demonstrated in 
Figure 4.21, which leads to a broad peak having a maximum (absorbance) at 3550 cm-1.  
Silanol groups which are semi-independent, i.e. the oxygen is part of a hydrogen bond but 
the hydrogen is not, result in a peak at 3720 cm-1, whilst a weak feature at 3650 cm-1 is 
due to silanol groups which are perturbed by inter-particle contact.  (This perturbation has 
been shown to mask -OH groups from reactants of a certain steric size).  For samples that 
have been heat treated to remove water and trace impurities, Morrow and Gay [2000] 
discuss the effect of temperature on the surface of silicas, particularly due to the 
disruption of the surface such that silanol groups are removed from the surface.  They 
demonstrate that up to 350 oC a disrupted silanol surface will reconstitute itself, whilst 
above 350 oC the removal is permanent.  They state that a peak at 3747 cm-1 can be 
attributed to isolated silanol peaks. 
 
 
 
 
 
 
Si
O
H
Si
O
H
Si
O
H
            
Si
O
Si
         
Si
O
H
 
 
Figure 4.21 - Behaviour of Silanol Groups.  
After Morrow and Gay [2000] 
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Morrow and Gay [2000] discuss samples which have been treated to remove adsorbed 
water.  In Figure 4.22, none of the peaks that Morrow and Gay [2000] discuss are 
observed, however, these samples have not been treated to remove adsorbed water and 
this is likely to cause a shift in the peaks observed.  Also overlapping peaks are likely to 
cause slight shifts in the maxima/minima observed such that the behaviour observed in 
Figure 2.1 can be compared successfully with that presented by Morrow and Gay. 
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Figure 4.22 - Detail of the region of 3000 - 3800 cm-1 
(a) HDK N20 (b) methyl modified (c) ethyl modified (d) vinyl modified and (e) phenyl 
modified silicas 
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Figure 4.22 clearly shows that there is a significant reduction in the features observed: it 
is obvious that in the case of the commercial silica there is significant quantity of silanol 
groups (at the surface) which are hydrogen bonding, primarily to adsorbed water.  This 
hydrogen bonding decreases in the case of the modified silicas.  In the first instance it is 
surprising that the largest peak amongst this group is found in the methyl modified silica.  
On consideration, however, the methyl group is the smallest organic group of those used 
and indeed available.  Therefore, it is possible for water to hydrogen bond to silanol 
groups that are otherwise inaccessible.  There will also be hydrogen bonds due to self-
association amongst the adsorbed water molecules.  Hence, the further reduction of the 
hydrogen bonding observed in the other ormosils can be attributed to the further strain on 
the hydrogen bonding between the adsorbed water and the retained silanol groups as a 
result of the increasing distance between the groups.  The arguments in preceding sections 
have stated that the phenyl group is larger than that of the other organic groups and this 
leads to greater separation of these groups on the surface of the particles.  Hence, it might 
be expected that the phenyl modified silica might see hydrogen bonding amongst residual 
silanol groups as well as with adsorbed water.  This is undoubtedly true, but not to the 
level that might at first be thought.  The organic groups are present at the surface instead 
of a number of silanol groups.  In the case of the phenyl modified silica there will be 
more retained silanol groups but the potential to form hydrogen bonds will be 
significantly reduced.  It is significant that the phenyl modified silica has a much more 
distinct peak at 3620 cm-1 than any of the other particles with the exception of the vinyl 
modified silica.  It is probable that this is the displaced 3747 cm-1 discussed by Morrow 
and Gay [2000], representing isolated silanol groups. 
 
Another obvious marker for silicas is examined in more detail in Figure 4.23.  Bulk silica 
has a number of bands of interest (1225-1200, 1175-1150, 1100-1075, 805-785 cm-1).  If 
the structure of the silica supports the formation of ring structures (which will have some 
degree of bond strain) then other bands may be observed.  Short-chains tend to adsorb at 
around 1050cm-1 with increasing length leading to a broadening of this band, whilst long-
chains have maxima at 1085 and 1025 cm-1.  In general then, features in the region 1100-
1000 cm-1 will be associated with silica structure, with more detailed determination 
relying on knowledge of the chemical structure of the particle.  It can be seen in Figure 
4.23 that features of this region become, in general, more defined with the modification of 
the silica.  This is most likely to be a result of the production method.  The commercial 
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silica is produced by flame hydrolysis, whilst the ormosils are produced from a sol-gel 
technique.  This undoubtedly has some effect on the silica structure: the greater definition 
in this region points to a less amorphous structure. 
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Figure 4.23 - Detail of the region of 800 - 1400 cm-1 
(a) HDK N20 (b) methyl modified (c) ethyl modified (d) vinyl modified and (e) phenyl 
modified silicas 
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4.5 - Summary 
 
This chapter has presented a number of techniques that have been used to characterise the 
chemical properties of organically modified silicas, using a commercial silica as a 
reference, as well as comparing these silicas to a polyester system.  Adsorption Isotherms 
have been prepared from ToF-SIMS data.  These show a difference in behaviour of the 
polyester when it adsorbs onto different silica surfaces.  XPS has shown a difference in 
the distribution of the organic moieties due to different organic functionalities.  IR 
spectroscopy suggests that only the phenyl modified silica shows a significant proportion 
of isolated silanol groups at the surface of the particle.  These properties are of 
significance, but here are presented in a fragmented manner.  Chapter 5 will bring 
together all these points as well as drawing upon the information presented in Chapter 3 
to produce a chapter discussing the morphology and surface chemistry of the range of 
organically modified particles as well as the interaction of these particles with a polyester 
resin.  This discussion will then be utilised in Chapter 8 when the fracture properties of 
ormosil modified polyester resins are discussed. 
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Chapter 5 - Interaction of Silicas  
with a Model Polyester Resin 
 
5.1 - Introduction 
 
In Chapter 3, IGC was introduced as a technique used to assess the thermodynamic 
properties of the surfaces of modified silica particles, using HDK N20 (a commercial, 
fumed silica) as a reference.  The thermodynamic properties of a polyester resin (Crystic 
2-406PA, prior to the inclusion of HDK N20, which is used as a thixotropic agent) were 
also assessed for both an uncured and a cured state.  Chapter 4 presented methods such as 
ToF-SIMS and XPS and their applications e.g. adsorption isotherms for the determination 
of the chemical properties of the surfaces of the materials already mentioned.  This 
chapter will discuss the results presented in the previous chapters as an overall picture, 
rather than the snap shots presented in Chapters 3 and 4.  A model describing the surface 
morphology of the modified particles will be presented and finally the interaction 
between the ormosil particles and the polyester resin will be discussed and modelled. 
 
5.2 - Thermodynamic Properties of Silica Particles 
 
The term thermodynamic properties has here been used to summarise the (dispersive 
component of the) surface free energy, γsd; the free energy of adsorption due to both 
dispersive forces and acid-base interactions; the enthalpy of adsorption of a range of 
chemicals onto a range of surfaces; and the acid-base characteristics, KA, KD and SC.  The 
thermodynamic properties of the particles were assessed using IGC and the description of 
this technique and the results were presented in Chapter 3.  The following conclusions of 
the thermodynamic properties of methyl, ethyl, vinyl and phenyl modified silicas, using 
HDK N20 (a commercial, fumed silica) as a reference are drawn from the data presented 
in Chapter 3: 
• the surface free energy was reduced, with the most significant reduction in surface 
free energy being seen in vinyl modified silica. 
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• the acid-base properties were changed, with a general decrease in both the surface 
acidity and basicity.  The exception to this was the phenyl modified silica where 
the surface basicity increased combined with the highest surface acidity of the 
modified silicas, although this surface acidity was still much lower than that 
observed in the commercial silica. 
• the enthalpies of adsorption showed some variation with surface modification.  
The enthalpies of adsorption of the probes used to characterise the surface 
properties were consistent with physisorption. 
 
5.3 - Surface Chemistry of Silica Particles 
 
The term surface chemistry has here been used to summarise the elements present in the 
surface of the particles and their inter-relations.  The surface chemistry of the particles 
was assessed using adsorption isotherms (derived from ToF-SIMS data), XPS and IR and 
the results were presented in Chapter 4.  The following conclusions of the surface 
chemistry of methyl, ethyl, vinyl and phenyl modified silica particles, using HDK N20 (a 
commercial, fumed silica) as a reference are drawn from the data presented in Chapter 4: 
• there was a decrease in the amount of adsorbed polyester, and in the case of the 
ethyl modified silica a change in the adsorption behaviour. 
• the organic layer becomes thicker as the size of the organic functionality increases 
• the modified particles have an organic layer that is generally uniform, except in 
the case of the phenyl modified silica. 
 
5.4 - Derived Surface Morphology of Silica Particles 
 
By combining the results of the thermodynamic and chemical analyses it is possible to 
present a model of the surface of the modified silicas.  The comparison of the XPS results 
due to the Al Kα and Mg Kα sources has shown that the organic modification by the 
methyl, ethyl and vinyl groups can be considered as a uniform monolayer.  The phenyl 
modified silica is more disperse.  It can be visualised that the more linear modifications 
pack comparatively easily and therefore are present in sufficient density that they can be 
considered as a complete monolayer.  The phenyl rings being larger find it more difficult 
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to pack closely together.  An analogy is that the smaller organic groups can be thought of 
as blades of grass.  Whilst they are separate they are sufficiently close together that the 
earth underneath is obscured.  Larger plants (the phenyl groups), whilst they can be 
planted close together, will necessarily have some separation especially when considered 
at their base, where the plant emerges from the ground.  This separation results in areas 
where the earth is not obscured.  In the case of plants this can be visually seen by the 
growth of smaller plants between the larger.  In the case of the phenyl modified silicas the 
-SiOH surface groups have not been completely removed or obscured and so these groups 
still have some influence on the surface chemistry, although this influence is diminished 
when considered with respect to the commercial silica.  This is shown in the acid-base 
properties measured by IGC.  These results show that the acidic component, measured by 
KA, decreases significantly in the case of the modified silicas, but that the phenyl 
modified silica has the largest value of KA, which is about 42% that of the commercial 
silica.  The next largest value is that of the vinyl modified silica at about 21%, with the 
methyl and ethyl modified silicas presenting values that are less than 10% of the 
commercial silica.  The percentages mentioned in the previous sentence are for the 
measurements made at 100oC.  Figure 5.1 compares the difference between the phenyl 
modified silica and the other modified silicas using (a,c) the description used previously 
and (b,d) the description used by Chehimi et al [1997] and Percy et al [2002] to describe 
similar pairs of morphologically different surfaces.  Figure 5.1a presents the surface of 
the methyl, ethyl and vinyl modified silicas, and compares this to the uniform monolayer 
(Figure5.1b) whilst Figure 5.1c presents the surface of the phenyl modified silica, and 
compares this to the strawberry-seed model (Figure5.1d), where the surface modification 
may be considered as discrete areas on the surface. 
 
 
Figure 5.1 - Comparison of the surfaces of (a,b) methyl, ethyl and vinyl modified 
silicas and (c,d) phenyl modified silica. 
(a) (b) (c) (d) 
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5.5 - Interaction of a Polyester with Silica Particles 
 
Lewis’ [1938] definition of acids and bases has been considered in terms of quantum 
theory.  Jensen [1982] summarises this: 
 
“Lewis’s original definitions were based on the octet rule and concepts of localized two 
center, two electron (2c-2e) bonds and one-center, two-electron (1c-2e) lone pairs 
characteristic of simple Lewis dot-structures.  Although the original definitions are still 
useful, in the 1940s a growing need was felt to translate them into the language of 
quantum mechanics... 
 
“In the idiom of molecular orbital (MO) theory, the Lewis definitions read as follows: An 
acid is any species that employs an empty orbital in initiating a reaction; a base is any 
species that employs a doubly-occupied orbital in initiating a reaction; neutralization, as 
before, is heterogenic bond formation between the acid and base...” 
 
This re-examination of Lewis’ [1938] work also considered the body of research that has 
developed.  Jenson [1982] contends that the wide range of terminology that has been used 
can be subsumed by a minimum number of more general terms (Table 5.1): 
 
“Needless to say consistent use of the generalized Lewis concepts not only provided a 
common vocabulary and organizational framework for systematizing much previously 
unrelated chemistry...but eliminates a great deal of redundant terminology in the 
process...” 
 
A matrix of the possible electron-pair donor-acceptor (EPDA) adducts is considered in 
Table 5.2.  Within MO theory, there are three possible states: non-bonding, n; 
antibonding, a, and bonding, b.  Interactions are also considered in terms of the type of 
bonding single, σ, and double, pi, bonds. 
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Table 5.1 - Terms Subsumed by the Lewis Concepts 
General Terms Subsumed Terms 
 
Acid (EPA agent) 
Electron pair acceptor 
Electrophile 
Cationoid reagent 
 
 
Base (EPD agent) 
Electron pair donor 
Nucleophile 
Electrodote 
Anionoid reagent 
Ligand 
 
Acid-base adduct 
(EPDA complex) 
Coordination complex  
Charge-transfer complex 
Donor-acceptor adduct 
Salt 
Molecular adduct 
Source: Jensen [1982], Table 7 
 
Table 5.2 - Classification of Acid-Base Interactions 
Acceptor orbital 
 a 
 
n σ* pi* 
 n n-n n-σ* n-pi* 
σ n-σ σ−σ∗ σ−pi∗ 
Donor orbital 
b 
pi n-pi pi−σ∗ pi−pi∗ 
Source: Jensen [1982], Table 2 
 
The polyester1 and the functional groups of silica and modified silicas can be considered 
in these terms.  Directly, there are five types of electron pair donor or acceptor sites on 
the polyester and by the standard definitions there are three types of functionality 
associated with the silica that can be considered (Table 5.3).   
                                               
1
 A schematic of a likely structure was presented in Figure 4.3.  This schematic is also included as a part of  
Figure 5.2 
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Table 5.3 - Functionalities of Polyester and Silicas and Associated Acido-basic 
Characteristics 
Polyester EPA/EPD groups   Silica EPA/EPD groups  
OH
 
Amphoteric  
Si
O
H
 
σ*- EPA 
O
 
 
n-EPD 
 
Si
CH3
 
- 
O
 
n-EPD  
Si
C
H2
CH3
 
- 
O
O
 
n-EPD 
 
pi-EPD 
 
Si
C
H
CH2
 
pi-EPD 
 
pi-EPD  
Si
 
pi-EPD 
 
Properly, the ester group should be considered as one, although for completeness it is 
presented as both a single group as well as being considered separately as a ketonic 
oxygen and an ether linkage.  Oxygen, being more electronegative than carbon, has the 
ability to draw electrons away from bonded carbons.  In theory this should make the 
carboxyl carbon extremely positive and in turn make this an EPA.  Research on PMMA 
has shown that the ketonic oxygen is much more basic than the ether oxygen, as well as 
being more accessible (Leadley and Watts 1997).  This means that whilst the situation is 
as described, it requires an extremely strong base, such as pyridine, to effect an acid-base 
interaction.  This being the case the following assumptions can be made: 
 
• The ester group will only interact with the particles as an EPD  
• The ester group will only interact with the particles through the ketonic 
oxygen. 
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The only ormosils that have any direct acido-basic characteristic are the vinyl and phenyl 
modified silicas and of these two the vinyl is considerably weaker than the phenyl.  Since 
silicon is less electronegative than carbon, as well as having the bulk of the particle to 
draw upon, it might be possible for the organic moieties to take on a slight EPD 
characteristic, although this would be even weaker than that of the vinyl group.  Apart 
from this, the methyl and ethyl functionalities are apolar. 
 
This analysis suggests that, in the case of the modified silicas, there are few opportunities 
for the formation of EPDA adducts whilst the commercial silica has the opportunity to 
form n−σ* and pi−σ* adducts.  As has been argued previously, the phenyl modified silica 
leaves some silanol groups exposed at the surface allowing limited bonding with the 
polyester.  In the case of the phenyl modified silica, it is possible that there is pi → pi* 
interaction between the phenyl moiety on the silica and the phenyl rings of the polyester 
resin (Figure 5.2), as is found, for example, between graphene sheets.  This is, however, 
unlikely to be a dominant bonding mode, for reasons of stereochemistry: aligning the 
phenyl rings would prove difficult due both to the position of the phenyl ring within the 
polyester chain and to the arrangement of the phenyl rings on the surface of the phenyl 
modified silica.  In the case of the other modified silicas, it is possible for bonding 
(through dispersion interactions due to instantaneous dipoles) to occur between the 
organic functionalities of the particles and the methylene sites of the polyester resin (that 
is the carbons which are not part of double bonds or ester linkages etc.). 
 
 
 
R R’ 
particle 
 
Figure 5.2 - pi→pi∗ interaction between Phenyl Modified Silica and Phenyl 
Functionalities of the Polyester Resin 
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The possible specific interactions between the polyester and the various silicas are 
considered in a schematic format in Figure 5.3.  Here it can be seen that the commercial 
silica is able to form a number of different EPDA adducts, whilst the phenyl groups have 
the opportunity only with amphoteric -OH groups at either end of the chain.  These bonds 
are likely to be much weaker than any interaction involving a silanol group.  Finally, the 
methyl modified silica represents the other ormosils; these cannot form any EPDA 
adducts. 
 
5.6 - Summary 
 
This chapter has brought together the surface thermodynamic data of Chapter 3 and the 
surface chemical data of Chapter 4.  By combining this data, it has been possible to 
produce a self consistent model of the distribution of the organic groups on the surface of 
the modified particles.  By comparing this with the data produced from studying the 
polyester, it has been possible to produce a model of the interaction of the polymer with 
the particles.  This has shown that the commercial silica interacts strongly with the 
polyester, whilst in general the modified particles interact only very weakly with the 
resin.  The exception to this generalisation is the phenyl modified silica, where the 
interaction of the polymer system with the particles is greater than that with the other 
modified particles, but still significantly less than that of the interaction with the 
commercial silica.  Chapters 6-8 deal with the mechanical testing of the polyester 
modified with a range of particles, including the dispersion of the particles into the resin 
system and the techniques used to carry out this testing.  At the end of Chapter 8 the 
conclusions reached above are revisited and compared with the mechanical data. 
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Figure 5.3 - Schematic of the 
possible interaction between 
the polyester and the 
commercial silica, phenyl 
modified silica and methyl 
silica 
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Chapter 6 - Resin Properties and Ormosil Dispersion 
 
6.1 - Introduction 
 
This chapter deals with the processing required to produce the specimens for mechanical 
testing.  The following sections outline the materials used, the process that was developed 
for dispersion of nano-particles in polyester resin and the specimens that were produced 
using this method.  A particular requirement was to develop methods that overcame 
problems encountered with regard to dispersing the particles in the polyester resin.  The 
mechanical testing techniques will be discussed in Chapter Seven. 
 
6.2 - Materials 
 
As mentioned previously (Chapter 3), four types of ormosil have been examined, and in 
the case of the phenyl modified silica particles had been produced using two different 
production methods.  The diameters of the particles used are presented in Table 6.1. 
 
Table 6.1 - Diameters of Ormosil Particles 
Average particle diameter1/ nm Modified Silica 
TEM SEM 
methyl (a) 85 ±10 78 ±9 
ethyl (a) 65 ±14 65 ±7 
vinyl (a) 106 ±19 165 ±18 
phenyl (a) 148 ±21 76 ±9 
phenyl 
(non-hydrolytic, b) 
- ~10002 
 
From (a) Arkhireeva and Hay [2003] and (b) Arkhireeva et al [2005]. 
 
                                               
1
 averaged over 100-150 particles 
2
 reaction temperature dependent 
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Particles of a nano-sized fumed silica e.g. HDK N20 (Wacker), when viewed as en masse 
after production, but prior to use, are observed as forming a low density agglomeration 
that can easily be broken into smaller agglomerations and dispersed by air currents.  By 
contrast these modified silica particles produce agglomerates that are smaller, denser and 
more difficult to disperse. 
 
The polymer system that has been used is a polyester.  The commercial form of this resin 
is Crystic 2-406 PA, which utilises Catalyst M (methyl ethyl ketone peroxide, MEKP) as 
an initiator.  Resin and inhibitor were supplied by Scott-Bader.  Crystic 2-406PA contains 
~1 vol% fumed silica, which is used as a thixotropic agent (HDK N20, Wacker, supplied 
through Scott-Bader).  Scott-Bader were able to supply Crystic 2-406 PA prior to the 
incorporation of this component.  This ‘special’ version will be referred to as PEs, whilst 
the ‘normal’, commercial version will be referred to as PEs+1%SiO2.  In the next section 
the subject of cure kinetics will be examined.  Promoters/accelerators have been observed 
to have an important effect on the cure kinetics (e.g. Storey et al 1986): Crystic 2-406 PA 
is a pre-accelerated resin, and requires only the addition of the initiator. Scott-Bader 
recommend allowing PEs to cure for 24 hours, followed by a post cure of either 3 hours at 
80oC or 16 hours at 40oC.  Throughout this work, the post cure regime applied was for 3 
hours at 80oC. 
 
6.3 - Cure Kinetics 
6.3.1 - Gel Time 
 
Yang and Suspene [1991] propose a four stage model for the curing of a UP (unsaturated 
polyester) resin with a styrene diluent.  This model considers induction, microgel 
formation, transition and macro-gelation.  The gel time of a resin is the time between the 
addition of the initiator and the process of macro-gelation.  Macro-gelation is usually 
associated with a change in viscosity, such that the viscosity approaches infinity.  This is 
a somewhat impractical definition since infinite viscosity cannot be measured.  Yang and 
Suspene [1991] chose the point at which viscosity equalled 103 poise to define the gel 
time.  They briefly discussed a number of other methods for determining the gel-time, 
including the point at which viscosity equals 104 poise, the comparison of storage and 
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loss moduli, G’ and G’’ respectively and a model of the dynamic mechanical behaviour.  
They concluded that: 
• neither 103 nor 104 poise is significantly different from infinite viscosity (in terms 
of time) 
• the term G’=G’’, which is the point at which the gel time is assumed to have been 
reached is significantly less than that time required to reach 103 or 104 poise 
• the model of dynamic mechanical behaviour was not suitable for a UP resin, 
cross-linking via free radical polymerisation. 
 
Even following the lead of Yang and Suspene [1991] and assuming that 103 poise 
represents the completion of gelation, this is still not a practical definition, however, and 
in processing terms, the increase of the viscosity to the point that the curing resin 
becomes unworkable, is a simple enough measure of critical gelling.  This time between 
the addition of the initiator and the beginning of critical gelling is also referred to as the 
‘pot life’.  Scott-Bader recommend that 2 vol% initiator should be used, but that in some 
cases 1 vol% is acceptable.  The greater the quantity of initiator that is used, the more 
rapidly the PEs will cure and hence the shorter the gel time.  The gel-time can also be 
controlled by the use of initiators and retardants, although Ramis and Salla [1995] state 
that effects on the curing process, other than those on the gel-time, have been noted.  
Initial experiments in the current work showed that the pot life, even using only 1 vol% 
initiator, was insufficient for some of the more complicated processes, such as those 
required to produce wound frame laminates.  Table 6.2 gives the approximate gel times 
found, which will vary slightly, between batches and with laboratory temperature. 
 
Table 6.2 - Gel-Time as a Function of Initiator Concentration 
 
Concentration 
of Initiator 
(Vol %) 
Gel-Time 
(mins) 
2 5-10 
1 35 
0.5 120 
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As will be noticed, an initiator concentration of 0.5 vol% increases the gel-time by 
approximately a factor of four compared to a concentration of 1 vol%, allowing time for 
more complex manufacturing processes to be completed.  At first inspection the quantity 
of initiator to use may seem a trivial concern - the creation of free radicals, whether by 
chemical, ultra-violet radiation or other means, will lead to the cross-linking of the 
polymer system, and hence its cure.  However, the cross-linking process contributes to the 
properties that the cured material will display.  If insufficient initiator is used, then the 
cross-linking process may remain incomplete, leading to retained uncross-linked material 
that does not gain the full stiffness and strength that such a material would be expected to 
show.  Conversely, if too large a quantity of initiator is used, then the cross linking 
process may be carried to too great a stage, such that pre-cured chains are bonded with a 
cross-link density that is greater than expected: this is a problem exacerbated by the 
nature of the polyester resin, which uses the styrene component as a cross-linking agent.  
If the cross-link density is too high then this leads to a material that is too brittle and will 
fracture too easily.  Care must be taken therefore to ensure that 0.5 vol% initiator leads to 
a material that is completely cured.  Also of interest is the comparison between materials 
that are cured with different concentrations of initiator.  If 0.5 vol% is unavoidable due to 
the requirements for laminates, then how is this likely to compare to a material cured with 
a larger amount of initiator?  The most appropriate family of techniques to investigate 
these properties is thermal analysis, and this is discussed further in the next section.  A 
comparison of simple stress-strain data from tensile samples can also provide useful 
information.  Figure 6.1 presents such a comparison.  These data show that whilst the 
level of initiator and the presence of a thixotropic agent (HDK N20) may have minor 
effects, of more significant interest is whether or not a post cure treatment is applied. 
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Figure 6.1 Comparison of Stress-Strain Relationships for Polyester Resins Subjected 
to Different Cure Regimes 
 
6.3.2 - Thermal Analysis and DSC 
 
Thermal analysis is the general term for a number of techniques that examine the 
properties of samples with respect to a temperature regime that is applied to the sample.  
A good summary of the various techniques available is given in Haines [2002].  Mulligan 
et al [2000] also provide a useful guide to the application of several thermo-analytical 
techniques to composites and adhesives.  The technique that was chosen in the present 
work was differential scanning calorimetry (DSC), see also Laye [2002].  The principle of 
DSC is that by imposing an increase in temperature, the sample can be made to change: 
for example any remaining uncured material has the opportunity to cure, a situation, 
which since it is more stable, will lead to an exothermic reaction.  DSC can also be used 
to determine the Tg of a sample and, in turn, this can be used to monitor the miscibility of 
polymers (Masegosa et al 2002).  A thermal analysis curve is determined from the 
difference between the energy supplied to a reference and that supplied to the sample to 
produce an increase in temperature.  Prior to a change of phase e.g. solid to liquid, this 
process is essentially endothermic, with the sample absorbing the energy required to 
change phase.  Any reaction occurring within the sample will of course affect this: by 
increasing the temperature of the sample some reactions can be made energetically 
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favourable.  An exothermic reaction will release energy, such that the sample requires 
less energy, whilst endothermic reactions absorb energy that has been used to heat the 
sample and so more energy is required to maintain the temperature that has been reached.  
These reactions result in peaks and troughs in the curve: since no endothermic peaks have 
been observed during this work, the convention of presenting the thermo-analytical 
curves such that exothermic reactions are peaks has been followed.  The reference is 
usually an empty pan of approximately the same mass as the sample pan.  With polymers 
and other potentially volatile samples it is usual to use hermetically sealed pans: these are 
designed to (a) prevent the loss of mass due to volatilisation of the polymeric sample and 
(b) to allow for an increase in pressure within the pan due to creation of gaseous products.  
Computer control of the process allows for the immediate calibration of the technique to 
allow for the (minor) difference in size between the reference and sample pans. 
 
Exothermic reaction(s) can be attributed to processes other than cross-linking, including 
phase changes (e.g. Kattan et al 2002), or the decomposition of the organic peroxide 
initiator (e.g. Martín 1999).  The exotherm(s) can be quantified and when compared to 
baseline results (samples of resin and initiator cured in situ giving an exotherm 
corresponding to the curing of the resin) will give the uncured resin as a percentage.  
Salla et al [1988] considered the effect of initiators and promoters (where a promoter is a 
chemical that promotes the break down of the initiator to produce free radicals) on a 
polyester system and concluded that: 
1. If no promoter is used, then a single exothermic peak in the DSC trace is 
produced.  This was attributed to a ‘normal’ curing process initiated by the 
thermal decomposition of the peroxide initiator. 
2. Varying the proportion of initiator (0.5 to 3 wt%) caused a slight variation in the 
temperature at which the exothermic peak is observed.  If a much smaller quantity 
of initiator was used (0.03 wt%) then a poorly cross linked material was produced, 
associated with a considerable change in the range of temperature across which 
curing occurred. 
3. With no post-cure (thermal treatment) the samples will remain only partially 
cured. 
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4. A post-cure (thermal treatment) can increase the degree of cure, at least to some 
extent.  However, the network structure and properties of the formed matrix will 
be dominated by the first stage of curing. 
 
The DSC investigations were dynamic in nature rather than isothermal.  Salla and Martín 
[1988] showed that the results of dynamic and isothermal curing are different but 
comparable.  Lem and Han [1984] have suggested that the structure produced by the 
cross-linking styrene and ‘pre-polymer’ chains is different when curing is dynamic rather 
than isothermal.  As has been noted, the polymerisation of the UP/styrene resin is 
exothermic.  This leads to a quandary: is the curing of a sample of this resin isothermal or 
dynamic?  Polymers in general are not good conductors and hence the heat produced 
during the curing process is not easily dissipated.  It is possible that samples that are in 
the process of being cured can generate so much heat that thermal stresses are introduced.  
Hence it might be argued that a sample is in fact curing dynamically due to the increasing 
internal heat due to the exothermic process taking place.  This, however, is dependent 
upon the size and shape of the sample, as well as the concentration of initiator used, 
laboratory conditions, mould type (if used) and so on.  Since these parameters are difficult 
to model, it might be argued that the curing is isothermal and that dynamic processes rely 
on an outside agency.  The simplest solution to this dilemma is to assume that, for at least 
the case of the samples produced in this present work, the curing process is isothermal, 
but that the dynamic DSC process is sufficiently close, that it presents no untoward 
problems.  Since it is only the baseline sample that is cured during a DSC experiment, 
whilst it may affect the quantitative analysis it is unlikely that this will have a significant 
effect on the qualitative comparison of initiator concentration, and this seems a 
reasonable assumption. 
 
The DSC investigation is examining the retained uncured material, or from another 
perspective, the degree of structure that has already been produced, which Salla et al 
[1988] state is critical to the materials properties.  An example of a thermal analysis is 
presented in Figure 6.2, while Figure 6.3 enables a comparison of the results from cured 
and uncured material to be made. 
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Figure 6.2 - Dynamic DSC Thermal Analysis Curve of a sample of PEs +1% SiO2 
That Has Been Cured But Not Post cured; Heating Rate 10 oC min-1. 
 
In Figure 6.2 four exotherms have been highlighted.  Whilst the base-line is non-linear, it 
is possible to determine the size of these exotherms using a modelling program to 
establish a sigmasoidal base-line.  Exotherm 4 can be ignored since it represents the 
thermally activated degradation of the material.  In some cases this can be of interest, but 
it is more difficult to obtain quantified information from this exotherm since the sample is 
beginning to lose mass, and DSC requires constant mass.  Exotherms 1-3 are related to 
changes in the cured polyester resin.  Possible exothermic reactions include the 
decomposition of the MEKP initiator; the curing of uncured material, and glass transition.  
Since the polyester resin is a thermoset, it is unlikely that any of the exotherms is related 
to a true glass transition.  However, it is possible that a change in the mobility of free 
groups might be observed at a specific temperature.  Figure 6.3 compares two different 
samples: this comparison can be used to attempt to assign the exotherms to a particular 
reaction. 
1 4 
2 
3 
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Figure 6.3 - Comparison of Dynamic DSC Thermal Analysis Curve Showing the 
Effect of a Post-Cure on PEs +1% SiO2; Heating Rate 10 oCmin-1 
 
Excluding the degradation of the samples, which begins at ~290 oC, each of the curves in 
Figure 6.3 displays three exotherms.  One, or both, of the exotherms at ~40 oC (1a and b) 
and ~140 oC (3a and b), are likely to be due to reactions due to the initiator, since they are 
approximately equal in size (i.e. they represent approximately equally sized exotherms).  
Of more interest is the isotherm at ~80 oC, which is clearly larger in the case of the 
material where a post-cure has not been applied.  Hence, this isotherm has been used to 
monitor the extent of curing in the resins.  A summary of the relevant results from the 
DSC testing is laid out in Table 6.3; these data are shown graphically in Figure 6.4.  The 
significant exotherm (2) has been quantified for each sample.  This has then been 
expressed as a percentage of the exotherm for the sample cured in situ, where it has been 
assumed that this sample represents 100% cure.  As can be seen, the use of a lower than 
recommended quantity of curing agent seems to have little effect on the level of cure 
produced.  Whilst, it is also obvious that the results relating to the 1 vol% curing 
agent/normal Crystic 2-406PA are significantly different to those of the other samples, it 
is suggested that this is simply an anomalous result: the main point is that the key step is 
the post cure, and that providing this is used, the residual uncured material is consistent 
throughout. 
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Table 6.3 – Summary of Data from Thermo-Analytical Curves  
 
Exotherm/ J 
(Sigmasoidal) Resin Type % Curing 
Agent 
Post 
Cured 
1 2 Average 
% Non-
Cure 
PEs 0.5 Yes 4.40 4.46 4.43 3.59 
PEs 0.5 No 33.08 37.27 35.18 28.48 
PEs 1 Yes 2.77 3.51 3.14 2.54 
PEs 1 No 34.96 38.09 36.53 29.57 
PEs 2 Yes 2.44 3.51 2.97 2.41 
PEs 2 No 31.76 35.54 33.65 27.25 
PEs + 1% SiO2 0.5 Yes 3.37  3.37 2.73 
PEs + 1% SiO2 0.5 No 8.57 9.43 9.00 7.29 
PEs + 1% SiO2 1 Yes 18.14 23.74 20.94 16.96 
PEs + 1% SiO2 1 No 29.93  29.93 24.23 
PEs + 1% SiO2 2 Yes 1.49  1.49 1.20 
PEs + 1% SiO2 2 No 27.86  27.86 22.56 
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Figure 6.4 – Comparison of Data presented in Table 6.3 
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Fillers, for example MgO used as a thixotropic agent, have been noted to have an effect 
on cure kinetics, although it has also been noted that a large quantity (around 40 vol%) of 
filler was required to have a significant effect (Lu et al 1999, 2001).  It was also a concern 
that the dispersion method that was developed in response to early experimental 
difficulties might have an effect upon the resin system.  The development of this 
dispersion method is discussed in full in the next section, but the cause for concern here 
was the use of ethanol as a dispersion agent.  DSC was therefore carried out on ormosil 
modified resins and compared to the unmodified system.  Figure 6.5 presents a 
comparison of thermal analysis of the phenyl ormosil modified resin with PEs which 
went through the dispersion method without ormosils being added.  Table 6.4 presents the 
details of the exotherm of interest. 
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Figure 6.5 - Comparison of Thermal Analysis of Unmodified and Modified Resins 
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Table 6.4 - Summary of the Thermal Analysis of Modified Resins 
Modified Silica Exotherm/ J % Uncured 
No silica 0.1 0.08 
Ethyl 0.1 0.08 
Vinyl ~0 ~0 
Phenyl 1.346 1.09 
 
It would appear that the exotherm that has been identified with the residual uncured 
material has been affected by the dispersion process.  Even with no modified silica 
incorporated, the exotherm has been reduced in size.  This suggests that the ethanol may 
be having some interaction with the polyester.  In fact the polyester loaded with phenyl 
modified silica produces an exotherm which is larger than that seen in the treated, 
unmodified resin.  A possible explanation is that retained ethanol preferentially interacts 
with phenyl groups of which there are significant numbers in the polyester resin.  When 
the phenyl modified silica is used, this removes some of the retained ethanol from the 
resin.  At this time this is a hypothesis only: the situation could also be explained by 
inconsistencies in the ethanol removal process.  Whilst every effort has been made to 
ensure that the dispersion process is as consistent as possible, it is difficult to monitor the 
overall level of ethanol in the system after the dispersion has been achieved.   
 
In summary, DSC has been used to evaluate the cross-linking of PEs (an UP/styrene 
resin) for a range of samples by means of the change in an exotherm that has been 
attributed to this process.  The conclusions of this work will be presented at the end of 
this chapter.  Areas for further work are implicit in the previous section and are discussed 
briefly at the end of this chapter and in more detail in Chapter 9. 
 
6.4 - Dispersion of Ormosil Nano-Particles in an UP/Styrene Resin 
 
As has previously been mentioned in this chapter, initial work attempting to disperse the 
particles in the polyester resin resulted in a number of previously unconsidered 
challenges.  Figure 6.6 shows micrographs taken from cross-sections of PEs modified 
with a phenyl modified ormosil.  In the previous section it was mentioned that volume 
loadings of, for example, fillers can rise as high as 40 vol% e.g. Lu et al [1999, 2001]: 
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hence, to begin with, it was anticipated that samples would be produced with volume 
loadings ranging between 1 and 20 vol%.  The sample in Figure 6.6 is an example of 1 
vol%.  Initially, particles were simply added to the PEs with a magnetic stirrer applied for 
20 minutes.  As noted in section 6.3, the gel times of the PEs are relatively constant, 
although during this experiment it was found that the cure time was drastically reduced.  
It is hypothesised that this is due to an increase in the energy of the system from the 
stirring process.  An increase in viscosity was also noted, although this may be due to the 
rapid gelling previously described.  It is also possible that the poor dispersion of the 
particles was a contributory factor to the rapid gelling of the polyester resin.  This can be 
explained by an understanding of the action of HDK N20 upon the PEs.  HDK N20 is 
used as a thixotropic agent.  It is a pyrogenically produced hydrophilic silica.  Particles of 
around 5 nm in diameter are produced, which aggregate to around 100 nm; these 
aggregates then agglomerate when in use and the size of the agglomerates (and the 
quantity of silica used) determine the effect on the thixotropy of the system (Wacker 
2002). 
 
        
    
Figure 6.6 –Poorly Dispersed Phenyl Ormosils Particles. 
Digital photo-micrographs due to (a) optical and (b-d) scanning electron microscopy 
 
a b 
c d 
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It is believed that the clusters observed in Figure 6.6 are formed around air bubbles in the 
resin, although it is possible that the internal void space of these clusters is due to the 
removal of particles during the polishing process.  Whilst this is of course possible, there 
are two important observations that support the theory of agglomeration around existing 
air bubbles.  The first is the rounded shape of the clusters, which would not be expected 
to be iso-dimensional if they were simply natural agglomeration.  Secondly, when 
considering Figures 6.6c and 6.6d, it may be noted that in both these photo-micrographs 
small holes can be observed which would correspond to an individual particle that has 
been successfully dispersed into the bulk. 
 
Several methods for dispersing the ormosils more thoroughly into the resin system were 
considered and investigated.  Initially it was thought that these agglomerates could be 
simply dispersed, but with time it became apparent that it would be better to prevent these 
agglomerates forming in the first place. Methods considered were: 
1. High shear dispersion, using a Cowles blade operating at ~8000 rpm 
2. Ultrasonic dispersion 
3. Dispersion in a fluid, such as ethanol, which is then used to transport the 
particles into the resin before being evaporated off. 
4. Grafting functional groups onto silica particles that reflect the chemistry of 
the polymer system, such as styrene, so that it may become easier to 
disperse them. 
 
High shear dispersion was found to be difficult to control, and did not give a significantly 
improved dispersion.  When used as a discrete process, ultrasonic dispersion was also 
found to be of little use in dispersion.  There was also an observed reduction in the gel 
time, indicating that there was an increase in the rate of reaction.  It is hypothesised that, 
as with the mechanical process originally used, the internal heat of the sample was 
increased which led to a rate of reaction that was greater than might be expected for an 
unprocessed sample.  Also, in the viscous polyester resin, ultrasonic dispersion had 
difficulty dispersing even a normal (1 vol%) loading of HDK N20 into the resin system.  
Option 3 has precedence (Doran 1993) and was indeed found to be highly successful in 
dispersing SiC whisker into an epoxy resin.  Doran [1993] noticed that there was a slight 
impairment in the mechanical properties of the epoxy due to the presence of ethanol.  
This was presumed to be due to the interaction of the ethanol with the epoxide group.  
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Option 4 was discussed, but in the time frame available, it was not possible to produce the 
particles suggested.  Given the problems that have been found with the dispersion of the 
commercial silica, producing a chemically compatible ormosil is unlikely to have the 
desired affect upon the dispersion process.  Whilst a more compatible ormosil might be 
easier to disperse, the process would still be likely to require assistance.  There is also the 
affect of the particles on the resin to be considered: a more complex organic moiety is 
more likely to undergo reactions with the resin. 
 
By combining the use of ethanol with ultrasonic dispersion of the particles a good 
dispersion can be achieved.  The process is sufficiently long that any heating due to 
agitation is dissipated prior to the incorporation of the initiator.  The full process is 
outlined in Figure 6.7.  Table 6.5 presents specimens produced for Charpy and compact 
tension testing using the various methods presented above, where manual simply 
describes the initial method of stirring the particles into the resin. 
 
Table 6.5 - Summary of materials and processing methods investigated 
Particles Series Resin Dispersion 
Method Type vol 
% 
Notes 
1 PEs N/A 
2 PEs+1 vol% 
HDK N20 
N/A 
None / Clear 
3 PEs High Shear HDK 
N20 
1 Visible agglomerations 
4 PEs Ethanol None 0  
5 PEs Ethanol HDK 
N20 
1 Clear, no visible particles 
6 PEs Manual Phenyl 1 Poorly Dispersed  
7 PEs Ethanol Phenyl 1 Clear, with some visible particles (attributed 
to post particle production aggregation 
8 PEs Ethanol Phenyl 8 
9 PEs Ethanol Phenyl 10 
Agglomerations observed, these are wispier 
than those in series 3 
10 PEs Ethanol Phenyl 1 Non-hydrolytic phenyl particles, clear, no 
visible particles 
After Jesson et al [2004a] 
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Figure 6.7 - Process of Dispersion of Particles in Polyester Resin 
 
 
 
 
The quality of this dispersion can be tested quite simply.  If we consider a unit cell, a 
cube, with particles placed at each corner such that the volume of one particle is 
contained within the cube then the spacing between the centre of two particles, C, will 
equal the diameter, 2r, of one particle plus the inter-particle spacing, i: 
 Place the polyester/ethanol mixture in an ultrasonic bath. 
 Introduce the ormosil/ethanol paste an aliquot at a time and allow the mixture to return to 
translucency.  
 Add more polyester to the mixture in small aliquots, mix thoroughly, leave to sonicate 
further. 
 Once 50 vol% of the resin has been added to the sonicating mixture, leave for 5 mins.  
 Add remaining resin, mix thoroughly  and allow to sonicate for a further 5 minutes 
Materials (weighed): 
Polyester Resin; Ormosil particles; Ethanol (not more than 30 vol%) 
Take: 
~10 ml resin 
~10 ml ethanol 
 mix thoroughly 
Divide the ormosil into aliquots and combine with a small 
quantity of ethanol using a pestle and mortar to produce a thin 
paste.  Use small quantities of the remaining ethanol to clean 
ormosil from the glass ware and into the resin. 
 Weigh the total mixture 
Place in a vacuum oven 
(total time will depend upon 
ethanol used, ~100mls/24hrs) 
Re-weigh the total mixture. The removal of 
ethanol will lead to a loss of styrene, and the 
total mass should now be slightly less than 
the resin + the ormosil.  The styrene can 
easily be replaced prior to curing the resin.  
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C = 2r + i                                                         6.1 
 
The volume fraction of the particles, Vf, will therefore equal the volume of a particle 
divided by the volume of one unit cell: 
 
3
3
3
4
C
rV f
pi
=                                                       6.2 
 
Rearranging for C: 
 
3
3
4
fV
rC pi⋅=                                                    6.3 
 
Since Vf in the case of Figure 6.7 is 0.01, we can estimate that C is approximately 7.5r 
and therefore that i is approximately 5.5r.  Since the average particle size is 140 nm in 
diameter (Arkhireeva and Hay 2004), i is, by calculation, around 380 nm.  Figure 6.8 is of 
a sample of phenyl ormosil modified resin, which is assumed to be well dispersed.  By 
eye the sample is transparent with no obvious agglomerations.  Under a light microscope, 
there are no features such as those in Figure 6.6a.  SEM has proven difficult to carry out 
at high magnifications and Figure 6.8 represents the best possible magnification of this 
sample.  It is assumed that the white specks in Figure 6.8 are isolated particles and this 
dispersion would seem to be consistent with the calculations of an inter-particle spacing 
of ~380 nm.  Whilst the calculations and observations do not match exactly, the 
calculations made here make several assumptions regarding the dispersion, size and size 
distribution of the particles. 
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Figure 6.8 - SEM Digital Photo-Micrograph of Dispersed Phenyl Ormosil particles. 
 
6.5 - Summary 
 
A method has been developed for the successful dispersion of nano-particles in a 
polyester resin system.  This was derived from a method for dispersing SiC whisker in an 
epoxy resin system.  Whilst this method has concentrated on the dispersion of organically 
modified silicas, initial experiments in this present work were carried out on HDK N20, a 
nano-scale, commercial, fumed silica and it is therefore anticipated that the method could 
be successfully applied to other nano-scale phases where agglomeration is a problem. 
 
This chapter has dealt with the with the curing process of a polyester resin system, the 
effect that the incorporation of dispersed nano-particles can have on this process and the 
differences in this process due to well and poorly dispersed nano-particles.  The 
dispersion process, specifically the use of ethanol and different agitational methods, may 
have an effect on the curing process or this may be due to the incorporation of the 
ormosils: the issue has not been resolved but the results presented suggest that the effect 
upon the curing process is comparatively minor.  This may in part be due to the reduction 
in surface free energy and acid-base reactivity, as determined in Chapter 4, which 
suggests that the particles have a reduced interaction with the resin compared with the 
commercial silica.  A greater concentration of particles may be shown to have a more 
visible effect, but the literature (e.g. Lu et al 1999, 2001) suggests that 10 vol% loadings 
or greater are required to have a noticeable effect upon the cure kinetics, with 40 vol% 
loadings being required for a significant effect.  In this case then, the effect of the 
particles upon the cure kinetics of the resin system can be safely set aside.  The next 
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chapter presents the techniques that have been used to assess the mechanical properties of 
the modified resins. 
 
Whilst the method presented in this chapter results in the successful dispersion of ormosil 
nano-particles into PEs, the supporting experimental work suggests that in further work a 
different dispersion agent might be more appropriate.  This supporting work also shows 
that there is a complex reaction process, involving at least three exotherms which appear 
to be affected, however slightly, by the dispersion of the ormosil particles in the polyester 
resin.  Further DSC experiments appear to be called for.  The subject of dispersion, and 
the suggestions made in this section are discussed further in the recommendations for 
further work in Chapter 9. 
 
The next chapter presents the techniques that have been used to assess the mechanical 
properties of these modified resins.  The results of these experiments are presented in 
Chapter 8, together with a discussion of the effect of the interaction of the ormosils with 
the resin system and the effect of this on the fracture process. 
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Chapter 7 - Mechanical Testing: Techniques 
 
7.1 - Introduction 
 
The dispersion of ormosil nano-particles into PEs is made more difficult due to the 
tendency of the particles to agglomerate.  In the previous chapter a method was presented 
that has successfully been used to provide a good dispersion of the particles in the resin 
system.  This method has been used to produce ormosil modified resins.  These resins 
were cured and the resultant samples were mechanically tested.  This chapter outlines the 
specimen preparation as well as the techniques used to evaluate the mechanical properties 
of these modified resin systems whilst the results of these tests are presented in Chapter 8. 
 
7.2 - Specimen Production 
 
The materials used to prepare these specimens were introduced in the previous chapter.  
These materials were used to prepare samples of cured resin.  One method for producing 
specimens for mechanical testing is to make a rubber mould and then to cast the 
specimens using the mould.  These moulds will generally have one surface open to the air 
and will usually be slightly over size and require some machining to produce the final 
specimen.  For this present work, two moulds were made from aluminium plate; one for 
the production of ‘dog-bone’ or ‘dumb-bell’ type specimens and one for the production of 
plaques.  These aluminium moulds gave specimens that had good surface finish and 
simply required to be cut to the correct size rather than any extensive machining as is 
often found with other methods.  Figure 7.1 shows the dimensions of the plaques 
produced.  The thickness has been marked with an x since it could be varied in the range 
of 2-8 mm.  Consisting of a front and back plate (8 mm thick), the moulds can be 
modified to make different thickness plaques by changing the thickness of inserts which 
border the sides and base.  Unless otherwise stated, plaques of 3 mm thickness were 
produced.  Inserts into the centre of the mould allowed for one step production of dog-
bone tensile test specimens.  All inserts were kept in place with the bolts that held the 
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plates of the mould together.  The fit of the component pieces was sufficiently good to 
prevent leakage of the resin.  The moulds were top-filled, and, to prevent the entrapment 
of air, resin was introduced from one side (with the other side being tipped up slightly.  
Since the resin shrinks slightly on curing, it is relatively easy to remove the cured plaque 
from the mould.  Removal is also aided by the use of a (silicon-free) release aid, applied 
to the component parts of the mould. 
 
   
(a)     (b) 
Figure 7.1 – Moulds Used to Prepare Plaques and Tensile Specimens 
(a) The complete mould, which stands on two removable feet for ease of handling and (b) 
the plaque used for the preparation of dog-bone type tensile samples 
 
7.3 - Tensile Samples 
 
Tensile specimens of a dog-bone form were used to determine the Young’s Modulus of 
the polymer and the effect of the particles on this property.  The specimens were 200 mm 
in length with a gauge length of 100 mm and a gauge width of 10 mm and were 2 mm 
thick.  The samples were tested on an Instron 1175 (with 550R upgrade) testing machine 
using a 5 kN load cell.  The extension was monitored using an extensometer, and where 
possible the testing was stopped before failure.  The gauge length of the extensometer 
was 20 mm. 
 
Other Modulus measurements were made during the course of the J-integral tests.  When 
J is evaluated using the single specimen method, it is necessary to determine the 
compliance, C, of the sample at different crack lengths.  The stiffness of the sample can 
therefore be seen to change with increasing crack length, but for the case where the crack 
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length equals zero, i.e. an uncracked specimen, then the sample can be treated as a tensile 
specimen.  C is related to E according to: 
 
EA
l
A
l
P
dC ===
σ
ε
                                                     7.1 
 
The cross-head displacement, d, is of course the extension of the specimen, which is 
equal to the strain, ε, multiplied by the original gauge length, l.  Similarly, the load, P, is 
equal to the stress, σ, multiplied by the cross-sectional area, A.  Finally, the Young’s 
Modulus is of course the result of the stress divided by the strain.  This method may be 
used to determine the Modulus of a sample, where the Modulus of an un-notched sample 
should be equivalent to the Young’s Modulus of the material. 
 
7.4 - Charpy Impact Test 
 
The Charpy impact test is a quick and simple test that can be used to evaluate and 
compare the toughness of specimens.  The test is more useful when considered 
qualitatively rather than quantitatively and it is generally limited to quality control 
applications and the general relationship between different materials rather than definitive 
values.  The property that is determined is the impact resistance (J m-1) i.e. the energy 
required to propagate a crack through the width of the specimen.  Drawbacks lie in the 
large scatter in the data produced, which can make it difficult to draw meaningful 
conclusions, and a quantity termed the ‘toss’ energy.  The ‘toss’ energy is the term 
applied to the movement of the (broken) specimen after the impact of the hammer.  This 
movement is sufficiently complex, that it has not yet been modelled in a way which 
enables the ‘toss’ energy to be taken into account when calculating the impact resistance.  
Other effects upon the calculation are losses in the machinery (which can be compensated 
for with test readings) and the crack initiation energy.  The crack initiation energy can be 
considered to be negligible in the case of comparatively brittle materials.  Test samples of 
60 x 12.7 x 3 mm (3 mm is the minimum recommended specimen thickness) were 
produced and notched as per ASTM D 6110-97.  They were tested using an in-house 
testing rig. 
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Figure 7.2 - Specimen Geometry for Charpy Impact Test 
 
7.5 - Compact Tension Test 
 
Compact tension (CT) testing is a more rigorous method of determining toughness and 
fracture properties.  The sample geometry is presented in Figure 7.3.   
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Figure 7.3 – Test geometry of the compact tension specimen 
 
One of the criteria for the validity of the CT test is that the specimen dimensions area 
certain minimum size: 
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W and a are defined in Figure 7.3, and are the width of the specimen from the centre of 
the pin-holes to the far end of the sample and the length of the crack respectively.  Hence, 
(W-a) represents the uncracked portion of the specimen.  B is the thickness of the 
specimen (not shown on Figure 7.3).  KQ is the value of K determined through testing, 
and σy is the yield stress of the material.  Whilst the value of σy has not been rigorously 
determined, it may be taken from the tensile testing data as ~60 MPa for the PEs +1 vol 
SiO2.  From preliminary testing, KQ, for this material, was shown to be 0.67 MPa m1/2: 
processing equation 7.2 using the values presented for KQ and σy gives a minimum value, 
for the dimensions stipulated (B, a, W-a), of ~0.3 mm.  All samples tested were greater 
than this minimum. 
 
Both K, the fracture toughness and G, the toughness, can be determined from the data 
produced.  K is evaluated using equation 7.3, whilst G may be calculated either from the 
experimental data (equation 7.4) or from the value of K (equation 7.5): 
 
( )( ) 





= 2/3. BW
P
xfK                                                     7.3 
 
φBW
UG =                                                              7.4 
 
( )
E
KG
221 ν−
=                                                         7.5 
 
The assumption in equation 7.5 is that the material is under conditions of plane strain, 
which is a requirement for the validity of K and G determined by the CT test.  If, 
however, the sample were under conditions of plane stress, G might be evaluated, for 
comparative purposes using equation 7.6: 
 
E
KG
2
=          7.6 
 
In the above expressions P is an experimental load value, B and W are the specimen 
thickness and width respectively, f(x) and Φ are functions of x, where x = a/W (where a is 
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the crack length) and U is the energy, determined from the load-displacement relationship 
and illustrated by the hatched area in Figure 7.4.  With regard to the value used for load P, 
it is either the maximum load (Pmax) or a lower load (PQ) depending on any non-linearity 
in the load-displacement relationship (Figure 7.5).  Compliance, C can also be determined 
for these samples as:  
 
C = tan θ                                                              7.7 
 
θ’ is determined by: 
 
1.05C = tan θ’                                                          7.8 
 
The properties determined require the specimen to be in plane strain and therefore rely on 
essentially elastic crack growth.  The specimen geometry is as found in Figure 7.3 and the 
test procedure is described in ASTM D 5045-96 [1996].  An extensometer, with a gauge 
length of 20 mm, was used to determine the load-line displacement during a test, the 
strain rate was 0.5 mm/min and all experiments were carried out at room temperature 
(23oC). 
 
 
Figure 7.4 - Determination of U  
After ASTM D 5045-96 [1996] 
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Figure 7.5 - Determination of PQ  
After ASTM D 5045-96 [1996] 
 
7.6 - J-Integral 
7.6.1 - Specimen Geometry 
 
In Chapter 2, the J-integral was introduced as way of measuring the toughness of 
materials, which show a greater degree of non-linearity than is allowable with LEFM.  
The test method is outlined in ASTM E1737-96 [1996].  A double edge notched (DEN) 
specimen geometry was used with dimensions of 150 x 20 x 3 mm.  Figure 7.6 shows the 
geometry of the DEN specimen.  The gauge length of the extensometer was 50 mm.  The 
test method requires first that the compliance is measured as a function of crack length.  
The compliance was determined by loading the sample to 0.1 % strain at a given crack 
length, unloading and repeating this cycle twice more for each crack length and then 
determining an average value.  The notch was then extended using a jeweller’s saw (0.25 
mm width blade).  After the compliance calibration was completed, the critical load to fail 
the samples at a number of crack lengths was measured.  For these tests the notch was 
sharpened and extended to the correct length with a fresh razor blade.  As discussed in 
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Chapter 2, two methods exist for evaluating the value of J for the data from a particular 
crack length. 
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Figure 7.6 – Test Geometry of the Double Edge Notch Specimen 
 
7.6.2 - Evaluation of J by the Single Specimen Method 
 
As discussed in sub-section 2.6.6, the single specimen method derives two components, 
the elastic, Jel, and the plastic, Jpl, contributions to fracture from the test data (equation 
2.16).  These two components are dependent upon the test geometry and in the case of a 
DEN sample Jel may be determined by: 
 
da
dC
B
PJ el 4
2
=                                                           7.9 
 
whilst Jpl may be determined by: 
 
)(
*
aWB
AJ pl
−
=                                                      7.10 
 
where P is the maximum experimental load, B is the specimen thickness and dC/da is the 
differential of the 4th order polynomial that describes the relationship between C, the 
compliance of the sample, and a, the crack length.  A* is the area described by the 
relation between stress and strain and a straight line between 0 and the maximum load, 
displayed graphically in Figure 2.10 (sub-section 2.6.6). 
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7.6.3 - Evaluation of J by the Multiple Specimen Method 
 
The multiple specimen method for the determination of J can be summed up in one 
equation: 
 
aB
UJ
∆
∆−
=
2
                                                         7.11 
 
where -∆U is the difference in the load-displacement relationship for a sample with crack 
length a and a sample with crack length a+∆a (Figure 2.10), B is the specimen thickness, 
and ∆a is the difference in length of two cracks. 
 
7.7 - Fractography 
 
The fracture surfaces produced during the J-Integral testing have been examined using a 
Hitachi S4000 scanning electron microscope (SEM, which utilises a field emission gun).  
By examining the fracture surfaces of the modified and unmodified resins, a comparison 
can be made showing the changes, if any, in the fracture mechanism due to the presence 
of the nano-particles. 
7.8 - Summary 
 
This chapter has introduced a number of techniques that were used to evaluate the 
properties of the modified resin system (with reference to the unmodified system).  The 
following chapter presents the results that were determined using these techniques and 
introduces a model for the fracture of these modified systems and suggests how these 
samples are toughened by the ormosils. 
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Chapter 8 -  Mechanical Testing: Results 
 
8.1 - Introduction 
 
The previous chapter introduced the techniques that have been used to evaluate the 
mechanical properties of the modified and unmodified resin systems.  This chapter 
presents the results collected using these techniques.  A model of the fracture mechanisms 
in the modified polymers, and how this differs from the unmodified system, is also 
discussed. 
 
8.2 - Tensile Testing 
 
In section 7.3 two methods for determining Young’s Modulus, E, were presented.  
Tensile testing of dog-bone shaped samples has shown that compared to an unmodified 
PEs, E decreases for PEs with 4 vol% ormosil dispersed in it, as demonstrated by the 
results in Figure 8.1.  A typical stress-strain curve is included (Figure 8.2).  This 
represents a significant change in the Young’s modulus due to the presence of the 
particles.  Whilst the scatter in the data is quite large (around ± 20 % of the mean), the 
size of the scatter is consistent over the three series of data and therefore may be 
considered as an effect of the resin system.  As discussed in section 7.3, when 
determining the compliance for the J-integral calibration, the Young’s modulus can be 
determined from the compliance of an uncracked specimen.  The results from these tests 
are given in Table 8.1.  These data are consistent with those presented in Figure 8.1, 
although in this case the modified samples are loaded at 1 vol% rather than 4 vol%.  The 
values for E in Table 8.1 are larger than those found in Figure 8.1 especially for the 
modified systems, but this may be attributed to the difference in particle loading.  As 
particle loading increases, there is a corresponding decrease in the moduli of the modified 
resin (with reference to the unmodified resin).  Figure 8.3 compares the tensile test low 
strain response (i.e. up to 0.1 %) for the unmodified resin and resins modified by phenyl 
modified silicas produced by hydrolytic and non-hydrolytic routes.  The curves produced 
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by the modified silicas are similar, which suggests that the production route is not critical.  
In turn this suggests that the particle size and morphology is not critical, but rather the 
effects observed are due to the surface chemistry of the particles. 
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Figure 8.1 – Comparison of Young’s Moduli for an Unmodified and Two Modified 
Resins 
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Figure 8.2 - Stress-Strain Curve for PEs Under Tensile Loading 
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Table 8.1 – E derived from Compliance Data (Average of 5 samples) 
Resin Compliance, C 
(x10-7 m N-1) 
Young’s Modulus, E 
(GPa) 
Unmodified 2.04 4.08 
Methyl Modified 2.24 3.72 
Ethyl Modified 2.44 3.42 
Vinyl Modified 2.24 3.72 
Phenyl Modified 2.85 2.92 
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Figure 8.3 – Comparison of Unmodified and Phenyl Modified Polyester Resins 
 
 
8.3 - Charpy Test Data 
 
The details of the Charpy test are outlined in section 7.4.  The results for the range of 
materials tested are presented in Figure 8.4, below, while Table 8.2 indicates the materials 
corresponding to the different series numbers.  The Charpy data were inconclusive.  As 
can be seen in Figure 8.4 the standard deviations in the test data are so large as to make 
the data meaningless.  The Charpy test is of course an impact test and hence has a higher 
strain rate than that used with the other methods presented here.  Bascom et al [1981] 
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showed that fracture toughness could be affected by strain rate, though their investigation 
dealt with compact tension specimens: lower fracture toughness was observed for 
samples subjected to a higher strain rate.  A further consideration is the stress state that is 
found at the notch tip.  Whilst the design of the notch for the Charpy test was 
exhaustively researched for ASTM D6110-97 [1997], it was not considered necessary for 
it to be sharp.  Hence, the stress at the notch tip might not be sufficient to produce 
debonding of the particles from the matrix, with the result that no toughening is observed.  
It is possible that the effect of the particles will only be observed when dealing with sharp 
cracks. 
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Figure 8.4 - Charpy Impact Test Results for a Number of Series of Samples as 
Outlined in Table 6.5 
 
For convenience, Table 6.5 is repeated here as Table 8.2. 
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Table 8.2 - Materials and Processing Methods for Samples in Figure 8.3 
Particles Series Resin Dispersion 
Method Type vol 
% 
Notes 
1 PEs N/A 
2 PEs+1 
vol% SiO2 
N/A 
None / Clear 
3 PEs High Shear HDK 
N20 
1 Visible agglomerations 
4 PEs Ethanol None 0  
5 PEs Ethanol HDK 
N20 
1 Clear, no visible particles 
6 PEs Manual Phenyl 1 Poorly Dispersed  
7 PEs Ethanol Phenyl 1 Clear, with some visible particles (attributed to 
post particle production aggregation 
8 PEs Ethanol Phenyl 8 
9 PEs Ethanol Phenyl 10 
Agglomerations observed, these are wispier than 
those in series 3 
10 PEs Ethanol Phenyl 1 Non-hydrolytic phenyl particles, clear, no 
visible particles 
After Jesson et al [2004a] 
 
8.4 - Compact Tension 
 
The compact tension (CT) test is detailed in section 7.5.  A typical load-displacement 
trace from one of these tests (for the commercial polyester, PEs +1 vol% SiO2) is 
presented in Figure 8.5. 
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Figure 8.5 - An example of a load-displacement curve for a CT specimen (0.5 vol% 
initiator, post cured, PEs + 1 vol% SiO2) 
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Figure 8.6 and Table 8.3 present toughness data, comparing samples of PEs and PEs+1 
%SiO2 which have been cured using a range of initiator concentrations.  GIC has been 
determined in three ways.  GIC-a represents data that has been calculated directly from the 
experimental data (equation 7.4), whilst GIC-b and GIC-c were derived from the 
experimental KIC data, considering the specimen under plane stress (equation 7.6) and 
plane strain (equation 7.5) conditions, respectively.  Under normal application of the CT 
test, the specimen is required to be under plain strain conditions, as this is one of the 
requirements for the assumption of limited plastic deformation.  Whilst the size criteria 
(equation 7.2) have been met in this case, polymers are notoriously difficult to assess 
properly, due to their propensity to deform plastically.  Hence the data have also been 
evaluated as if it were under plane stress conditions.  These three conditions have then 
been compared.  The values for the plane stress evaluation are consistently lower than for 
the experimental and plane strain evaluations.  The data for PEs is consistent with the 
literature as presented in Table 8.4.  
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Figure 8.6 - Comparison of Toughness properties determined by Compact Tension 
Testing for a number of polyester resins, detailed in Table 8.2 
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Table 8.3 - Comparison of Toughness Properties Determined by Compact Tension 
Testing for a Number of Polyester Resins, as Presented in Figure 8.3 
GIC  
KIC 
a b c 
Series 
No. 
Resin Init. 
vol% 
No. of 
samples  
MPa m1/2 J m-2 
I PEs 0.5 13 0.67±0.14 194±71 159±63 139±55 
II PEs 1 12 0.64±0.20 147±67 150±86 131±73 
III PEs 2 10 0.59±0.18 151±71 126±70 110±61 
IV 
PEs + 1 
vol% SiO2 0.5 8 0.36±0.19 56±68 55±54 48±47 
V 
PEs + 1 
vol% SiO2 1 10 0.37±0.08 58±23 47±19 41±17 
VI 
PEs + 1 
vol% SiO2 2 10 0.57±0.16 149±62 118±55 104±48 
Where GIC a,b,c refers to (a) experimental, and derived from KIC data as (b) plane stress and (c) plane strain. 
 
Table 8.4 - Some Values for K and G for Polyesters from the Literature 
Polyester K 
MPa m1/2 
G 
kJ m-2 
Source 
unspecified ~0.6 ~0.1 Ashby and Jones [1996] 
unspecified 0.6  Callister [1997] 
Q6585 (Ashland Chemical) 0.55 ± 0.07 - Xu and Lee [2003] 
 
Whilst the experimental variability is large, (as indicated by the standard deviation) for 
these tests (generally greater than 10 %) there is not a significant overlap in the two series 
of data: PEs is tougher, both in terms of K and of G, than PE + 1 vol% SiO2.  (The values 
presented for series VI are believed to be uncharacteristically high, although there was no 
obvious reason for this.  The reason for these high values has not been determined.  The 
main difference, initiator concentration, is not believed to be of significance, since it is 
anticipated that this difference would also be seen in the PEs samples, series I-III).  In 
Chapter 5 it was shown that the silica particles interact strongly with the matrix, and 
hence it is believed that the unmodified silica particles act to reduce the toughness of the 
polyester.  This occurs for two reasons.  Firstly the particles are agglomerated, with these 
agglomerations acting as a weak point, allowing a crack to pass through more easily than 
if the matrix were homogeneous.  Secondly, where the particles are bonded to the matrix, 
this bonding is comparatively strong.  In sub-section 2.6.7.3, the work of Spanoudakis 
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and Young [1984b] was discussed in connection with strongly bonded particles.  This 
work shows that the stress concentration around a strongly bonded particle will lead to the 
deflection of the crack around the particle and hence the crack can easily pass around a 
particle without the crack becoming pinned.  Under these circumstances it is also unlikely 
that the path will be blunted or diverted. 
 
By contrast Figures 8.7 and 8.8 show test data obtained from CT specimens produced 
from the modified resin systems that can only be used for illustrative purposes as opposed 
to toughness calculation.  Figure 8.7 enables the load-displacement behaviour of one 
sample each of three different materials to be compared.  In Figure 8.8, each point 
represents a series of data for each material.  The data for each series has been averaged 
(and the errors calculated) so as to compare the different materials more easily. 
 
The response of the modified resins is clearly non-linear as opposed to the linear response 
of the unmodified resin (Figure 8.5, and series 2 in Figure 8.7).  Figure 8.7 also shows 
that the modified resins (series 8 and 10) show signs of yielding before failure (a ductile 
response) rather than failure at the critical load (a brittle response).  The response from 
Series 4 (an unmodified resin treated with ethanol) suggests that the ethanol used to 
disperse the particles may have an effect on the polyester resin.  The response is clearly 
different in the case of the modified systems however, with a much more ductile response 
than observed in the ethanol treated sample.  It should also be noted that Series 5 (where 
ethanol was used to disperse the commercial silica) presents a response similar to that of 
the commercial polyester resin (Series 2). 
 
The determination of K is dependent upon f(x) (equation 7.2) which is a function of the 
crack length, a.  Hence, K will vary with crack length.  Table 8.5 presents the average 
crack lengths of the samples used to prepare Figure 8.8 and from this it can be seen that 
the average crack lengths for Series 4 and Series 8 are significantly smaller than those for 
the other series.  This, together with the observed critical loads, contributes to the higher 
than expected K and G values. 
 
Series 8 and 10 in Figure 8.8 clearly show behaviour that does not conform to Linear 
Elastic Fracture Mechanics (LEFM) and so technically cannot be used to determine K and 
G. For illustrative purposes however, Table 8.6 compares K and G for all of the series 
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presented in Figure 8.8.  This comparison clearly shows that G is much improved for 
series 8 and 10.  K is dramatically improved for Series 10 and Series 8 also shows some 
improvement when compared to the commercial resin, and even the unmodified resin. 
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Figure 8.7 - Comparison of Compact Tension Data for Samples Detailed in Table 6.5 
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Figure 8.8 - Comparison of scatter in Compact Tension Data for Samples Detailed in 
Table 8.1 
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Table 8.5 - Average Crack Length for Samples Presented in Figure 8.5 
Series 
(Table 6.5) 
Crack Length 
a/ m 
1 0.020±0.0004 
2 0.018±0.0004 
4 0.007±0.0007 
5 0.013±0.0058 
8 0.008±0.0015 
10 0.014±0.0018 
 
Table 8.6 - Comparison of K and G derived from Figure 8.5 
 
Series 
(Table 8.1) 
K 
MPa m1/2 
G 
kJ m-2 
1 0.64±0.20 0.15±0.07 
2 0.37±0.08 0.06±0.02 
4 0.85±0.04 0.52±0.18 
5 0.55±0.15 0.15±0.02 
8 0.81±0.10 7.89±2.02 
10 1.53±0.14 10.04±2.09 
 
8.5 - J-Integral Testing 
8.5.1 - J by Single Specimen Method 
 
The J-integral, as mentioned in section 7.6, enables toughness values to be determined 
under elastic-plastic conditions.  Equation 7.1 shows that the value J may be broken into 
two components, Jel, elastic, and Jpl, plastic.  Equations 7.2 and 7.3 detail how these 
components may be evaluated, with Jel requiring the differential of the relationship 
between compliance and crack length.  Figure 8.9 shows the experimental data obtained 
for the relationship between compliance and crack length for the different ormosil 
containing systems and the unmodified (PEs) resin.  The phenyl ormosil has the greatest 
effect on the compliance with a smaller effect due to the methyl, ethyl and vinyl ormosils; 
these last three systems are extremely close with little to separate them. 
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Figure 8.9 – The Relationship between Compliance and Crack Length 
 
Having determined the compliance of a material at a number of different crack lengths, it 
becomes possible to determine J for a specimen.  The relationship between J and crack 
length based on the single specimen method is presented in Figure 8.10.  This figure is 
repeated as Figure 8.11 with the addition of horizontal lines of best fit, indicating the 
values of J that have been determined.  These values are presented in Table 8.7.  Figures 
8.12 and 8.13 consider the component parts of J, Jel and Jpl respectively.  As can be seen 
both Jel and Jpl are approximately double for the phenyl modified resin system compared 
to both the other modified resin systems and the unmodified system, which is in accord 
with the behaviour of J in Figure 8.10.  It is apparent that none of the relationships in 
Figure 8.10 is entirely linear although the values should, in principle, be constant with 
crack length.  A slight increase in J is observed with increasing crack length for the 
unmodified resin which cannot be accounted for.  The data for the modified resin systems 
are more random, however.  A possible explanation for this is that whilst the dispersion is 
good (as presented in Chapter 6), it is not entirely uniform.  A heterogeneous dispersion 
in a cured sample would lead to localised differences in the material properties.  In these 
circumstances a particular sample might in reality represent a significantly lower loading 
of ormosil, whilst another might represent a significantly larger loading of ormosil. 
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Figure 8.10 – The Relationship Between J and Crack Length, Single Specimen 
Method 
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Figure 8.11 – The Relationship Between J and Crack Length With Lines of Best Fit, 
Single Specimen Method 
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Figure 8.12 – The Relationship Between Jel and Crack Length, Single Specimen 
Method 
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Figure 8.13 – The Relationship Between Jpl and Crack Length, Single Specimen 
Method 
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Table 8.7 - Summary of J values derived from Figure 8.10 
Ormosil J/ kJ m-2 
phenyl 0.54 
vinyl 0.18 
ethyl 0.16 
methyl 0.18 
unmodified 0.13 
 
The relationships for the other ormosil modified resins and for the unmodified resin are 
sufficiently overlapping, that it could be stated that these ormosils are having little if any 
positive effect upon the toughness properties in the case of this resin system.  However, 
the value presented for J for the unmodified resin is close to that for G measured using 
the CT test (as expected).  When considered in this manner, the ormosils perhaps appear 
to have a positive, if minor effect. 
 
8.5.2 - J by the Multiple Specimen Method 
 
The same data have also been used to evaluate J using the multiple specimen method.  As 
was mentioned in Chapter 7, the multiple specimen method requires the determination of 
-∆U as represented in Figure 7.8.  Figure 8.14 presents the relationship between load and 
displacement for a phenyl ormosil modified resin, for a number of crack lengths, from 
which -∆U can be determined.  Figure 8.11 shows the resulting J values which are, again, 
higher than for PEs, but the values are more scattered than when considered by the single 
specimen method.  This result, whilst different from that calculated by the single 
specimen method, is not completely unexpected when Figure 8.14 is reconsidered.  The 
behaviour of the samples can be seen as two pairs.  The pair of a/W=0.4 and a/W=0.5 
produce a value for J of 0.248 kJ m-2 for a/W=0.45.  The other pair (a/W=0.7 and a/W = 
0.8) produce a value for J of 0.243 kJ m-2 for a/W=0.75.  These two pairs produce very 
similar results, which are lower than the values determined using the single specimen 
method.  The other relationships (a/W=0.5 and a/W=0.6; a/W=0.6 and a/W=0.7) produce 
very different results.   
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Figure 8.14 – Phenyl Ormosil Modified Resin for a number of a/W relationships 
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Figure 8.15 – The Relationship Between J and Crack Length, Multiple Specimen 
Method 
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When considering Figure 8.14, it can be seen that there is a significant difference between 
the two pairs highlighted and this is compounded by the behaviour of the sample a/W = 
0.6, which is aberrant when compared to the other samples, since the sample, whilst 
failing at a lower load and a lower strain than a/W = 0.5, has a slope that is nearly as steep 
as that of a/W = 0.4, when it should be less steep than a/W = 0.5.  Based on this set of 
samples the multiple specimen method must be set aside for the time-being: further 
testing in the future may produce data that can be processed using the multiple specimen 
method. 
 
8.6 - Fractography 
 
The fracture surfaces of DEN specimens have been examined and digital 
photomicrographs are presented in Figures 8.16-8.20.  The unmodified and modified 
resins are compared at three magnifications in Figures 8.16-8.18 and some particular 
features are highlighted in Figures 8.19 and 8.20.  The unmodified resin (Figures 8.16a, 
8.17a and 8.18a) presents a relatively smooth fracture surface, consistent with a brittle 
failure.  In particular, Figure 8.17 presents the best comparison of the different samples, 
as it is at this magnification that surface features are, in this case, best compared.  At the 
lower magnification (Figure 8.16) the surface features are more difficult to discern, whilst 
at the higher magnification it is difficult to view the features observed in context.  The 
surface features of the modified resins (with the exception of the phenyl modified silica) 
are reminiscent of the cleavage step pattern in Figure 2.11.  This is consistent with the 
hypothesis that the particles are extremely weakly bonded to the matrix, such that the 
only possible toughening mechanism is that of crack pinning.  This is also consistent with 
the small toughening effect observed from the incorporation of the methyl, ethyl and 
vinyl modified silicas.  The phenyl ormosil modified resin (Figures 8.16e, 8.17e, 8.18e 
and 8.20a) present a surface with more crater-like surface features than are observed in 
the other samples.  This rougher fracture surface is indicative of a different toughening 
mechanism, one in which the available evidence points to a degree of plastic deformation.  
Some of this plastic deformation would be accounted for in the debonding of the particle 
from the matrix, a process in which it is likely that the matrix around the particle becomes 
deformed. 
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Chapter 9 - Concluding Remarks and Further Work 
 
9.1 - Introduction 
 
In the previous chapter a model of the fracture mechanism of a nano-composite, i.e. a 
polymer system modified by nano-particles, was presented.  This drew on literature 
regarding fracture mechanisms (Chapter 2) and a model describing the interaction of the 
polymer system with the nano-particles (Chapter 5).  This chapter will briefly summarise 
the research that has been presented in this thesis, present the conclusions that have been 
drawn from the data presented and suggest work that logically follows on from these 
conclusions. 
 
9.2 - Summary and Conclusions 
9.2.1 - Context 
 
Polymers and polymer matrix composites (PMCs) are being used in greater quantities and 
for more demanding applications.  This demand requires that the polymers and the 
composites derived from them must improve in some areas.  Of the properties that require 
improvement, one of the most important is toughness.  In Chapter 1, a number of aims 
were set forth for the current research.  This section reviews the results presented in this 
thesis in the context of those aims. 
 
9.2.2 - Characterisation of Hybrid Nano-Particles 
 
Organic-inorganic hybrid nano-particles, produced using a sol-gel process, were made 
available for the present study.  The initial aims of the current research were stated as: 
 
“To characterise these particles using surface analytical techniques...” 
 
and: 
Chapter 9 
190 
“To compare the properties of these particles to those of a commercial nano-silica 
particle and to the properties of a polymer system...” 
 
These characterisations showed that the methyl, ethyl and vinyl modified silicas were 
present in a quasi-monolayer coverage of the surface such that the retained silanol groups 
of the silica core were shielded from chemical interaction with probe molecules and with 
the polyester resin.  The phenyl modified silica, however, was shown to be less densely 
packed at the surface, and it was postulated that the retained silanol groups were able to 
interact with the polyester resin. 
 
The logical continuation of this characterisation, was: 
 
“Based on the information determined...produce a model of the interaction between the 
nano-particles and the polymer...” 
 
An interaction model has been developed and this was presented in Chapter 5.  This 
model shows that commercial silicas, which are used as thixotropic agents in polymer 
systems, bond strongly to basic polymers as a result of the highly acidic silanol groups 
that terminate the silica structure.  Of the four ormosils investigated, the methyl, ethyl and 
vinyl silicas have little, if any, acido-basic function, which leads to a much weaker 
interaction with the polymer system.  The phenyl modified silica behaves differently to 
the other ormosils.  This thesis has hypothesised that the phenyl group does not cover the 
surface of the silica as efficiently as the other organic functionalities.  Hence, retained 
silanol groups are exposed such that they can bond with the polymer system.  This results 
in what might be described as a hybrid interface, where, in general, the polymer bonds 
weakly to the surface of the nano-particle, but in localised areas bonds strongly. 
 
9.2.3 - Dispersion of the Nano-Particles and Mechanical Properties 
 
The next part of the study was production of nano-composites comprising well dispersed 
nano-particles in a polymer matrix.  Chapter 6 dealt with the issues surrounding the 
dispersion of the ormosils in the polymer system, which was a non-trivial part of the 
investigation.  Whilst this part of the investigation was ultimately successful it has left 
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scope for improvement.  The process developed is inelegant and laborious, but has the 
advantage of producing a nano-composite which is well dispersed. 
 
Finally, with the production of nano-composites, the intentions were: 
 
“To determine the mechanical properties of the modified resin system (with reference to 
the commercial polymer)...” 
 
and: 
 
“Based on the data...and with reference to the interaction mode...produce a model of the 
fracture of modified polymers...” 
 
Chapters 7 and 8 focussed on the mechanical testing of these modified polymers.  This 
testing suggested that there may be some improvement in the fracture properties of the 
polymer if the thixotropic agent is not used.  There was a small improvement in fracture 
properties with the incorporation of the methyl, ethyl and vinyl modified silicas.  There 
was a much larger improvement in the fracture properties (critical J-integral) with the 
incorporation of the phenyl modified silica.  At the end of Chapter 8, a model was 
proposed which incorporated the interaction model of Chapter 5.  A strong interface 
between a matrix and a reinforcing phase can be good, as it allows the transfer of load 
between the matrix and the reinforcing phase.  In terms of fracture properties it may not 
be optimal, as a crack will be able to pass easily through the reinforcing phase, rather than 
being diverted or stopped.  In the case of the commercial silica this situation is made 
worse by the agglomeration of the particles.  These agglomerations represent a weakness 
since the bonding between the particles is weak and so there is a low resistance fracture 
path.  The ormosils, with the exception of the phenyl modified silica, represent an 
improvement because the particles are more weakly bonded to the matrix so that the crack 
front will become pinned, meaning that the fracture process is impeded and requires 
slightly more energy.  In the case of the phenyl modified silica, it has been hypothesised 
that the larger improvement seen is due primarily to the localised shear band yielding, 
initiated by the stronger bonding of the retained silanol groups to the polymer system. 
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9.2.4 - Additional Remarks 
 
Nano-particulates represent a novel method for improving the fracture properties of 
polymers and PMCs.  This investigation has shown that the surface properties of the 
particles can be of significance.  By using organic functionalities, silica particles can be 
tailored to meet the requirements of the polymer system of interest.  A judicious balance 
of acidic, basic, amphoteric and apolar sites on a reinforcing phase can control the 
interface bonding between the particle and the polymer.  By controlling the interfacial 
bonding it is possible to improve the fracture toughness of the polymer, with only a minor 
decrease in the Young’s Modulus of the modified resin. 
 
The dispersion of these particles into a polymer system has been resolved for the purposes 
of this investigation.  In the longer term, which includes both further research and, 
potentially, industrial application, this technique has room for improvement.   
 
The development of the dispersion process has been time-consuming and the need for a 
dispersion process was not considered in the planning stages of this research.  Therefore, 
it has not been possible, within the present project, to extend this research to glass-
fibre/polyester composites as was originally intended.  It is hypothesised that a well 
dispersed nano-particulate reinforcing phase would have a similar effect on a PMC as it 
does on a polymer.  This effect should not be diminished significantly by the presence of 
fibres.  The literature shows that fibres can adversely affect the fracture toughening 
properties of reinforcing phases due to impingement and filtering. 
 
9.3 - Further Work 
9.3.1 - Introduction 
 
This study represents a contribution to a large (and growing) area of research.  There are 
obvious areas where further work could be carried out.  For example, the effect of 
different organic groups used to modify the particles is of interest.  Also, it is likely that 
different resin systems will respond best to different ormosils.  As familiarity with the 
sol-gel process increases, narrow size distributions will be achieved, as well as smaller 
particles.  A comparison of the effect due to different size particles would be of interest.  
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These final sub-sections will seek to point to a few areas specifically related to the work 
presented in this thesis. 
 
9.3.2 - Particle Production 
 
The work presented in this thesis has been carried out in conjunction with laboratory-
scale investigations into the production of the particles.  This has meant that the batches 
of particles produced have been quite small and this has, at times, limited the quantities of 
materials available.  When these particles reach commercial use, however limited, the 
production process will require to be scaled up from that used so far, whilst keeping the 
narrow size distribution and small particle size that has been developed.  It would be 
useful if this scale-up treatment could be begun, to allow larger batch sizes to be 
produced, which will in turn ease the process of determining the properties of these 
particles, so enabling them to reach commercial use.  This process has the potential to be 
used in other applications, and in turn it is possible that similar sol-gel processes that have 
already been scaled-up could influence the scaling up of the sol-gel process used here. 
 
9.3.3 - Surface Properties 
 
Although not investigated from the perspective of modelling the particle surface, IGC 
could, potentially, be used to gain additional information in this area.  Brendlé and 
Papirer [1997a,b] have proposed a method for the examination of ‘nano-rugosity’, the 
surface morphology determined at a molecular level.  This method derives from 
topological indices from researchers such as Wiener [1947], although Brendlé and Papirer 
[1997a,b] have developed their own indices.  The method is such that the behaviour of 
branched alkanes is compared to that of linear alkanes.  The theory behind this is that two 
alkanes with the same number of carbon atoms will have the same energy of interaction 
with a given site of adsorption on a surface.  However, the number of adsorption sites that 
are accessible to a branched alkane will be reduced if the surface is not smooth at the 
molecular level.  This will lead to a difference in dsγ .  Conversely if dsγ is the same for 
both a linear and branched alkane then the surface is smooth at the molecular level.  
Vagner et al [2003], have commented upon the negligible or even negative values for        
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-∆GaAB of chlorinated probes and have suggested that these tetrahedral molecules may be 
hindered in reaching the adsorption site due to size-exclusion effects.  Carbon 
tetrachloride is not usually included in this group since it is usually deemed to be less 
actively polar than might be expected, due to the stability of four, balanced, chlorine ions.  
However, an investigation using branched alkanes could help to confirm whether the 
surface is smooth or not and whether the organic groups are shielding retained silanol 
groups rather than there being a dramatic decrease in these groups. 
 
9.3.4 - Dispersion Method 
 
The development of a successful procedure for the dispersion of the nano-particles in the 
polyester was a time consuming part of the project.  A method has been determined that 
has worked well in the context of this work, but in the long term a method needs to be 
determined that is easy to apply and does not require excess solvents.  One possibility is 
the use of styrene as a preliminary solvent, since this is a component of the resin system 
used in this research.  This process can be extended to other polymer systems by using the 
diluent of that system.  In laboratory terms this represents a less than satisfactory solution 
since it requires increasingly dangerous chemicals. 
 
A more general approach would be a great advantage, capable of being applied to all 
particles used in all resin systems.  Kinloch et al [2003] have experimented on particles 
that have been synthesised in situ, that is the particles were produced in an epoxy resin 
which was subsequently incorporated into another epoxy resin.  It is reported that these 
particles were well dispersed.  With reference to commercial silicas used as thixotropic 
agents, this is undoubtedly true, but the particles are not dispersed completely.  Also, the 
size distribution of these particles appears to be large, and the particles are highly 
amorphous.  Whilst in situ production of particles presents an important possibility, it will 
require careful investigation.  The particles produced in this case have an unspecified 
surface modification.  In the case of the current research, the modification of the surface 
is tied to the sol-gel process and it may be difficult to adapt this to an in situ production 
method, although clearly there is a precedence in this field.  If successfully adapted the 
method must deal with excess solvents and their removal from the resin system.  In this 
sense, whilst a number of chemicals must be dealt with the diluent dispersion method 
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remains a strong method since the chemicals must be used anyway in the production of 
the polymer. 
9.3.5 - Mechanical Properties 
 
During the compact tension testing it was noted that a significant volume around the 
crack tip appeared to become whiter.  It has not been possible to follow up on this 
observation during this investigation.  Further examination of the crack tip, including the 
extent of the plastic deformation zone could provide a better understanding of the change 
in the fracture mechanism as a result of the inclusion of nano-particles.  For example it is 
possible that shear band yielding of particles in the immediate vicinity of the crack tip 
causes particles that are in the path of the shear band to themselves begin yielding.  A 
better understanding of the crack tip processes is a necessary pre-cursor to being able to 
model these effects 
 
Another important effect in some toughened systems is strain rate.  Bascom et al [1981] 
have shown that increasing strain rate diminishes the toughening effect from incorporated 
rubber particles.  It would be interesting to see if that is the case here.  It is anticipated 
that it would be since some of the fracture mechanisms are the same.  In this case the 
higher strain rate probably supplies the crack with sufficient energy to extend before the 
matrix can plastically yield. 
 
9.3.6 - Composites 
 
Finally, but probably most importantly, the production of modified composites must be 
considered as a critical next step.  Whilst polymers are important materials in their own 
right, PMCs are in greater need of the potential represented by nano-particulate 
reinforcement.  The interaction of nano-particles with continuous fibres in a PMC is a 
defining process in the future of nano-particles in PMCs.  By understanding this 
interaction it will be possible to assess the usefulness of nano-particlulates.  If the 
particles are filtered, then they will contribute to a weak boundary layer which will 
circumvent their effectiveness, whilst the maintenance of a good dispersion is likely to 
lead to a tougher matrix and hence composite. 
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Appendix 
 
The following papers, resulting from the research presented in this thesis, have been 
published at the time of submission. 
 
The first paper was presented at the 11th European Conference on Composite 
Materials, and is presented here in the form that appears in the conference 
proceedings, with the addition of an identifying header on the first page. 
 
The second paper, was presented as a poster at the European Conference on Adhesion 
Science and Interface Analysis, 2003 (ECASIA’03).  It was accepted for the 
conference proceedings, which was published as a special edition of the journal 
Surface and Interface Analysis. 
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ABSTRACT 
Organically modified silica (ormosil) nano-particles have been prepared with phenyl group functionality and 
have been incorporated into a polyester resin at loadings of up to 10 volume percent, using various processing 
routes to disperse the nano-particles.   The phenyl ormosil nano-particle modified resins have been characterised 
mechanically utilising Charpy and fracture mechanics (compact tension) tests and the results have been 
compared with corresponding data from unmodified resin.  The effects of the ormosil nano-particles and the 
solvents utilised in the effective dispersion of the nano-particles on the morphology and properties of the 
modified resin systems are discussed. 
 
 
1. INTRODUCTION 
One of the limiting features of composite materials in service is their tendency for matrix 
cracking within and, in particular, between plies.  There is a large body of research in the 
polymer composites literature concerned with the selection or modification of the matrix in 
order to optimise the toughness in the composite, in particular with regard to delamination 
resistance.  Amongst the methods, which have been used, are the development of intrinsically 
tough matrices (thermoplastics and modified thermosets), the use of resin interleaves between 
plies and the addition of secondary reinforcement, such as silicon carbide whisker or carbon 
beads.  The present work is concerned with matrix modification by incorporation of 
organically modified silicate nano-particles. 
 
Considerable interest has been shown recently in organically modified silicates (ormosils) 
because of the wide range of possible applications for such organic-inorganic hybrids [1-4].  
These applications include the use of the hybrids to improve a range of bulk polymer 
properties.  The ormosils can be synthesised by the conventional hydrolytic sol-gel process 
[5], as well as by the non-hydrolytic sol-gel route.  Nanoparticulate technology represents 
another area of interest in current research [6-10] and although research is carried out in fields 
such as carbon nanotubes [11], the majority of research relates to the use of silicates such as 
clay. 
 
This project brings together the two areas of organic-inorganic hybrids and nanoparticulates 
in a piece of work concerned with the production of a range of ormosil nano-particles and 
their subsequent incorporation into polymers and polymer composites, with the intention of 
comparing the properties of modified systems with previously tested unmodified systems.  An 
associated area of interest is the nature of the interface between the ormosil nano-particles and 
the polymer into which they are dispersed, for which initial work was reported in [12]. 
 
In the part of the work reported here, a range of hybrid nano-particles has been prepared from 
corresponding organoalkoxysilane precursors using the hydrolytic sol-gel process.  Samples 
have also been prepared using the non-hydrolytic sol-gel process.  The morphology of the 
particles depends on the type of organic group present in the ormosil and the specific reaction 
conditions.  These particles have then been incorporated into a polyester matrix (at volume 
fractions of up to around 10 %), using a number of processing routes.  The effect of the nano-
particles and the processing route on the mechanical properties, in particular toughness, has 
then been determined.  The results have been compared with those from the unmodified 
polyester, both with and without the commercial thixotropic agent (1% fumed silica) present. 
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2. EXPERIMENTAL 
 
2.1 Materials 
The standard polymer system used was Crystic 2-406PA (Scott-Bader), referred to as PE+1 
vol% HDK N20; this is cured at room temperature with Catalyst M (Scott-Bader), a trade 
name for the initiator methyl ethyl ketone peroxide (also referred to as MEKP or MEK 
peroxide).  All the samples described here were cured with 1 vol% initiator and were post-
cured at 80oC for 3 hours.  HDK N20 (Wacker, a commercial fumed silica) is used as a 
thixotropic agent in quantities of approximately 1 vol%.  HDK N20 has a particle size of 
approximately 10 nm, forms aggregates of approximately 100-500 nm and flocculates to form 
agglomerates of approximately 10-50 µm. 
 
Further samples of this resin were supplied without the fumed silica addition and these are 
referred to as PE.  This was cured and post-cured in the same way as the resin with the 
thixotropic agent.  Fig. 1 shows a schematic of a possible structure of the polyester resin - the 
structure is based on statistical probability rather than a rigorous chemical analysis. 
 
 
 
Fig. 1.  Theoretical structure of the polyester.  This structure is based on statistical probability of components 
present rather than a fully calculated series of chemical reactions. 
 
 
 
 
 
Fig. 2. Phenyl modified silica particles synthesised by the hydrolytic method 
  
Phenyl modified silica nano-particles (~100-160 nm in diameter) produced in two ways were 
available (i) synthesised using a modified Stöber (hydrolytic) route [7]; these particles were 
typically 100 – 160 nm in diameter (Fig. 2) and (ii) synthesised using a non-hydrolytic route; 
these particles were typically 200 – 400 nm in diameter. 
 
Samples of resin with nano-particle additions were prepared using a number of processing 
routes, described in 2.2, below. 
 
2.2 Processing Routes 
Dispersion of the nano-particles into solution is not straightforward because the particles have 
a tendency to agglomerate when incorporated into the resin.  Several methods have been 
examined to produce adequate dispersion of the particles.  Due to the limited quantity of 
ormosils available, some of the initial trials were carried out using HDK N20 to simulate the 
ormosils.  The methods investigated were manual dispersion of the particles in the resin, high 
shear dispersion of the particles in the resin and dispersion of the particles in a solvent prior to 
mixing with the resin.  Following dispersion, plaques of 3 mm thickness were cast in an 
aluminium mould.  This gave a good surface finish and no subsequent machining was needed.  
Table 1 summarises the samples prepared and the associated processing routes.  More details 
are given below. 
 
 
Table 1. Summary of materials and processing methods investigated 
 
Particles Series Resin Dispersion 
Method Type vol 
% 
Notes 
1 PE Manual  
2 PE+1 vol% 
HDK N20 
Manual 
N/A  Clear 
3 PE High Shear HDK 
N20 
1 Visible agglomerations 
4 PE Ethanol None 0  
5 PE Ethanol HDK 
N20 
1 Clear, no visible particles 
6 PE Manual Phenyl 1 Poorly Dispersed (Fig. 3.) 
7 PE Ethanol Phenyl 1 Clear, with some visible particles (attributed to 
post particle production aggregation 
8 PE Ethanol Phenyl 8 
9 PE Ethanol Phenyl 10 
Agglomerations observed, these are wispier than 
those in series 3 
10 PE Ethanol Phenyl 1 Non-hydrolytic phenyl particles, clear, no visible 
particles 
 
 
 
Manual dispersion was used to prepare the base-line polyester resin, with and without  
thixotropic agent present (Series 1 and 2).  When the particles were included in this process 
by simply stirring them into the resin in the same way as the initiator (Series 6), the degree of 
dispersion in the cured resin was inadequate.  Fig. 3 shows a photomicrograph of a polished 
section through a section cut from the Series 6 plaque and the agglomeration of the ormosils 
is apparent. 
 
 
           
 
Fig. 3a and b.  Digital photomicrographs showing agglomeration of the phenyl ormosils in the polyester matrix. 
 
 
In an attempt to disperse the particles more effectively, the base-line polyester resin with 
fumed silica was subjected to high shear mixing using a Cowles blade operating at ~8000 
rpm.  This was developed by adding a stage where a “paste” of fumed silica and polyester was 
prepared using a pestle and mortar prior to dispersion in the bulk resin (Series 3).  Whilst this 
showed an improved distribution compared to the first attempt, in both samples a discrete 
phase was visible within the bulk resin, associated with areas where the silica particles were 
present at higher density. 
 
In view of the difficulties in dispersing the particles effectively in the resin, it was decided to 
attempt to disperse them in a solvent (ethanol), prior to dispersion in the polymer and the 
subsequent removal of the ethanol.  This route involved the creation of a paste of the ethanol 
and the nano-particles, the incorporation of polymer into the solvent, the use of an ultra-sonic 
bath to aid the dispersion of the particles in the ethanol and bubbling an air stream through the 
polymer to aid in the evaporation of the ethanol and.  It has been found also that the removal 
of the ethanol is accelerated under vacuum.  Whilst Crystic 2-406PA is a low-styrene 
emission resin, some styrene was lost during the removal of the ethanol.  The masses of all 
samples that were prepared with this method were monitored to determine the styrene loss 
during the removal of the ethanol and this mass was replaced prior to curing.  Overall the 
visual appearance of samples suggests that this method produces samples that are more evenly 
dispersed (Series 5, 7-10).  A control plaque was also produced where the polyester was 
processed with ethanol, without any particulate additions (Series 4). 
 
2.3 Impact Testing 
For impact testing, samples of 12 x 60 mm were machined from each of the 3 mm thick 
plaques and notched, following ASTM D6110-97.  Charpy-type impact testing was carried 
out using an in-house test facility. 
 
 
2.4 Compact Tension Testing 
Compact tension specimens were prepared from 3 mm thick plaques.  Sample dimensions 
were 46 mm x 50 mm with 10 mm diameter holes drilled at the appropriate points according 
to ASTM D5045-96.  Notching and the production of a sharp crack were carried out 
following standard method.  The sharp pre-crack was produced using a razor blade.  Compact 
tension testing was carried out using an Instron 1175 (100 kN load frame) testing machine 
with 5500R upgrade.  A 5 kN load cell and a dynamic extensometer of 25 mm gauge length 
(with 5 mm travel) was used; data collection was through the Instron Merlin software.  Values 
of stress intensity factor K and energy release rate G at crack propagation were obtained.  For 
the latter, load-displacement curves were needed from specimens before and after notching.   
The crosshead displacement rate used for all testing was 0.1 mm/min.  With the exception of 
specimens from series 8 and 10 plaques, all specimens displayed unstable crack growth.  
Series 8 and 10, upon reaching maximum load displayed stable crack growth with clear signs 
of plastic deformation around the crack tip; after removal of the extensometer, the crack 
growth remained stable until the sample was fractured completely, with an associated 
extension of approximately 10 mm. 
 
 
3. RESULTS 
 
3.1 Material Quality 
Achieving a reasonable dispersion of the ormosils in the resin has been a key aim of the 
present work.  As mentioned in 2.2 above, series 6 represented the first attempt to produce a 
resin with ormosils; the particles were difficult to disperse by the manual method and 
remained agglomerated.  Series 3 samples (which were prepared by high shear mixing) also 
showed regions of poor dispersion.  Better results were achieved by the solvent route.  Series 
7-9 are representative of a series of experiments designed to identify the levels of particle 
loading for which a reasonable dispersion might be achieved.  Loadings of 1 - 6 vol% 
dispersed well, but at higher loadings the particles had a tendency to agglomerate.  The 
agglomerations in series 8 were dispersed randomly throughout the whole plaque, whereas in 
the 10 vol% plaque the majority of these agglomerates were situated in the bottom half of the 
plaque.  Samples for mechanical testing were produced from both halves, but the data from 
the two halves were sufficiently similar that the data were amalgamated and taken as 
representative of 10 vol% loading. 
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Fig. 4.  Charpy impact test results for a number of series of samples as outlined in Table 1. 
 
 
 
 
3.2 Impact Testing 
The results from the impact tests on samples cut from the series of plaques presented in Table 
1 are shown in Fig. 4.  As is often the case with Charpy testing of this type, the variation 
(standard deviation) is large and it can be seen that all the data overlap within one standard 
deviation. 
 
3.3 Compact Tension Testing 
Compact tension testing was carried out on samples from series 1, 2, 4, 5, 8 and 10.  Load-
displacement data are presented in Fig. 5 and 6, while values for K are presented in Fig.7.  
Series 8 and 10 data are included in these figures, although it is recognised that the load-
displacement data from these series display an unacceptable degree of plastic deformation in 
the context of LEFM property measurements.  Fig. 5 shows an indicative load-displacement 
curve from a series 10 sample, compared to similar samples from Series 2 and 4.  Fig. 6 
presents data for the average value of the maximum load plotted against the average value of 
the maximum displacement during the compact tension tests, i.e. a number of tests (three in 
the cases of series 8 and 10 samples, six in the cases of 4 and 5 and more in the cases of 5 and 
7) have been analysed to provide maximum values, which have then been averaged.  The data 
need to be viewed with some caution, since samples had different thicknesses and different 
starter crack lengths.  The greater ductility of samples from series 8 and 10 is clearly apparent 
from the larger displacement values.  Fig. 7 presents the K data for all of the compact tension 
samples.  The G values are not shown, but it should be noted that the values for series 8 and 
10 were significantly enhanced, compared to those from series 4. 
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Fig. 5.  Typical load-extension data during compact tension tests on three of the resin series (details of the series 
are given in Table 1) 
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Fig. 6.  Mean value of maximum load plotted against mean value of maximum extension from compact tension 
tests on a range of resins (details of series are given in Table 1). Error bars show ±1σ. 
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Fig. 7.  “Fracture toughness” values for modified and unmodified polyester resins, determined form the peak 
load in the compact tension tests. 
 
 
4. DISCUSSION 
The Charpy data are inconclusive.  Any differences between the materials cannot be discerned 
clearly within the variability of the results obtained.  It may be that higher loadings of ormosil 
(series 9, 10) give lower impact resistance (Fig. 4). 
 
Some of the trends in the compact tension data are more significant however.  The data from 
series 1, 2, 4 and 5 perhaps suggest first that the presence of the fumed silica reduces the K 
value compared to that of the base resin without the fumed silica and second that the K values 
are enhanced to a degree by some effect of the ethanol processing route.  On the other hand, 
the mean values for each set of samples are all fairly close to typical literature values for a 
polyester.  The addition of particles has had a clear effect on the samples tested by compact 
tension.  While the K value derived for series 8 samples is similar to series 4, the dramatic 
increase in the maximum extension suggests a significant improvement in G (or more 
appropriately perhaps J) values.  The K value (and G value) for samples from series 10 is 
clearly the highest of all the sets.  The slow crack growth in the compact tension samples, 
together with the Charpy data, suggests that the benefit of the ormosils lies in preventing 
crack growth at low strain rates rather than providing impact resistance. 
 
 
5. CONCLUDING REMARKS 
Organically modified silica particles have been synthesised, with phenyl groups replacing 
surface hydroxyl groups, via both the hydrolytic and non-hydrolytic routes.  A processing 
route, in which the nanoparticles are dispersed initially in ethanol, prior to combining with 
resin, appears to produce a reasonable distribution of nanoparticles in the final plaques.  
Charpy-type and compact tension specimens have been prepared from cast plaques and tested. 
 
It is clear that the particles are having an effect on crack propagation in the resin.  Testing of a 
greater range of loadings is underway and proper quantification through J-integral methods 
may well be needed.  The effect of using the modified matrix in glass fibre laminates will then 
be examined. 
 
 
Other areas of further work will include the testing of other solvents for the dispersion of the 
ormosil nano-particles in the resin.  Non-polar solvents such as toluene may be investigated.  
Other possibilities include PMA and styrene, which should not disrupt the existing chemistry.  
This must be considered carefully, however, as increasing the concentration of styrene in the 
resin system or introducing PMA may lead to differences in the cured structure leading to 
changes in the material properties.  Other ormosils will also be tested for their effects upon the 
resin system: to date methyl, ethyl and vinyl particles have all been synthesised and the 
synthesis of ormosils with other functionalities is planned.  It is also important to determine if 
there are differences in the synthesis route (i.e. hydrolytic or non-hydrolytic). 
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Organic–inorganic hybrid nanoparticles: adsorption
characteristics of polyester resins
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The adsorption of polyester onto organically modified silicas (ormosils) and commercial fumed silica
has been compared using ToF-SIMS. The thermodynamics of each system was examined by constructing
adsorption isotherm plots which indicated that the adsorption of polyester onto one of the modified silicas
used may be a two-stage process. Adsorption onto the fumed silica is in accord with the Langmuir model.
Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION
In recent years, organic–inorganic hybrids have been
developed as potential solutions to a wide array of problems
including sensors1 and dye lasers.2 ORganically MOdified
SILicaS (ormosils) are one type of organic–inorganic hybrid.1
Work is currently underway to determine the efficacy of a
range of ormosils (in nano-particulate form) as modifiers for
polymers and polymer matrix composites. To understand
the effect that the ormosils have on the matrix system
it is important to appreciate the interaction between the
ormosils and the matrix. This study presents an examination
of the behaviour of two types of ormosil (ethyl- and phenyl-
modified silicas), and a commercial fumed silica (of similar
size to the nano-particulate ormosils). The aim of the study
is to derive adsorption isotherms from ToF-SIMS data.
Adsorption isotherms have been established as a reliable
method for determining certain aspects of the chemistry
between a substrate and an adsorbate, such as the strength
of their interaction.3 – 6
EXPERIMENTAL
Materials
Ethyl (¾60–70 nm diameter) and phenyl (¾100–160 nm)
modified silica nanoparticles were produced using a mod-
ified Sto¨ber (hydrolytic) route.7 HDK N20 (Wacker) is a
commercial fumed silica used as a thixotropic agent in the
production of a commercial polyester resin which is a matrix
system under investigation. Samples of this resin, Crystic
2–406PA (Scott-Bader) were supplied without the fumed
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silica addition and this resin was used as the adsorbate.
Figure 1 shows an example of the structure of the polyester
resin, although this is included for illustrative purposes
and cannot be assumed as to be completely characteristic.
The model is based on statistical probability rather than
a rigorous chemical analysis. Toluene (Fisher, T/2250/17,
SpeciFied) was used to produce solutions of the resin, rang-
ing between 0.1 and 10 vol%, and to rinse off specimens at
the end of the reaction time, thereby removing any poorly
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Figure 1. Theoretical structure of the polyester. This structure
is based on statistical probability of components present rather
than a fully calculated series of chemical reactions.
Copyright  2004 John Wiley & Sons, Ltd.
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interacting or physically adsorbed molecules. Toluene was
used following the technique of Fowkes8 whereby a solvent
is found that is neutral with reference to both the adsor-
bent and the adsorbate. Another chemically suitable solvent
would be for example CCl4, although this solvent poses
difficulties from a Health and Safety standpoint.
Thermodynamic studies
Solutions of polyester in toluene were prepared in concen-
trations of 0.1, 0.5, 1, 2.5, 5, 7.5 and 10 vol%. Samples of
each of the three types of silicas of massž 0.1 š 0.005 g wereAQ1
dispersed in solution for 30 minutes in an ultrasonic bath,
and were filtered using a Bu¨chner filter funnel. The sample
was filtered using excess toluene.
Analysis by ToF-SIMS
ToF-SIMS spectra over a range of 0–400 Da were produced
using a VG Scientific type 23 system, using a Poschenrieder
time-of-flight analyser with a liquid metal ion source. Static
SIMS conditions were used (i.e. ion dose <1 ð 1013 ions cm2)
with a pulsed primary ion beam (50 ns at 5 kHz) of 69GaC at
16 kV.
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RESULTS AND DISCUSSION
Adsorption of the polyester onto ethyl-modified and phenyl-
modified silicas as well as a commercial fumed silica was
studied. Figures 2(a)–(c) below compare the positive ion
spectra of untreated samples of the three silicas. The spectra
have been plotted using the relative peak intensity (RPI),
which is calculated by
RPI D Ip
Itot
where Ip is the intensity of the peak of interest and Itot is the
sum of the intensities of all the counts in the 5–200 Da region
of the spectrum. It will be noted that, as might be expected,
the spectrum of the commercial silica is comparatively very
clean, with only two significant peaks at 28 SiC and 45
SiOHC and with little in the way of CxHy fragment ions.
The intensity of the 28 peak is much higher than in either of
the two ormosils or in the case of the commercial silica upon
which polyester has been adsorbed. The significant peak in
the ethyl-modified silica is the 29 peak C2H5C which in
Fig. 2(b) is almost as dominant as the 28 peak. By contrast,
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Figure 2. ToF-SIMS spectra comparing untreated (a) commercial silica, (b) ethyl-modified silica, and (c) phenyl-modified silica.
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the 77 peak C6H5C is comparatively small in Fig. 2(c), of
the phenyl-modified silica spectrum, (this is probably due to
the difficulties associated with ionizing larger fragments) but
the disintegration of the phenyl component into smaller ring
structures such as 39 C3H3C and 51 C4H3C also contributes
to the spectrum. Significant peaks were isolated in the spectra
from the adsorption experiments, and these were used to
produce adsorption isotherms. Figures 3(a)–(c) show the
polyester resin adsorption isotherm (trend lines have been
added, although these have no mathematical significance
and are simply a guide to the eye) associated with the 82
peak (from an as yet uncharacterized hydrocarbon fragment
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Figure 3. Adsorption isotherm of polyester resin on (a)
commercial silica, (b) ethyl-modified silica, and (c)
phenyl-modified silica.
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from the polyester), on all three silicas examined. Although
the structure of m/z D 82 Da has not yet been fully resolved
(it is likely to be either C6H10C or C4H2O2C, it was chosen
as a characteristic peak of the polyester which (a) is not
found in any of the silicas and (b) is unusually intense.
The test of whether or not adsorption data conform to the
Langmuir model is to plot C/RPI vs. C (where C is the solute
concentration), a linear relationship indicating that Langmuir
conditions have been met. Linear regression has been carried
out on the data produced from the three nano-particulate
substrates, and the results are presented in Table 1.
When these data are taken in conjunction with the adsorp-
tion isotherms then, in the case of the fumed silica and the
phenyl ormosil, the data support the Langmuir model. The
ethyl ormosil however seems to show multilayer adsorption.
Watts et al.,3 faced apparently with the problem of multilayer
adsorption (since one of the key assumptions of the Lang-
muir model is that it applies only to monolayer adsorption),
determined that they were in fact observing a conforma-
tional effect due to increasing numbers of polymer–solvent
interactions in high-concentration solutions, leading to per-
turbation of the polymer chains which in turn allows a higher
packing density when adsorbed onto a substrate. The alter-
native would be that the polymer chains were interacting in
the higher concentration solutions. The use of the approach
of Kurata and Tsunashima9 showed that all the solutions
used could be considered dilute and so the former argu-
ment was supported. This argument could be applied in
the case of the ethyl-modified silica, which would at first
seem to show multilayer adsorption. Whilst it has not been
possible to follow the approach of Kurata and Tsunashima
in this case (due to insufficient information regarding the
polyester) the molar concentrations are extremely small
10 vol% D 5.55 ð 103 M). Therefore it is believed that the
polyester is adsorbing onto the ethyl-modified silica, but
that at around 1 vol% (5.55 ð 104 M) the configuration of
adsorbed polyester chains changes slightly. This leads to an
increase in the adsorbate on the substrate. In all three cases,
however, it is believed that a chemisorption process is taking
place and that this is possibly an acid–base interaction.
Table 1. R2 values for C/RPI against C where C is the molar
concentration of the solution plotted from the adsorption
isotherms of peaks chosen from the ToF-SIMS spectra. The
closer the R2 value is to 1, the better the fit with the
Langmuir-type isotherm. As can be seen, the commercial silica
and the phenyl ormosil conform reasonably well to the
Langmuir isotherm whereas the ethyl-modified silica seems to
show two sets of data
Fumed silica Ethyl-modified
Phenyl-
modified
Peak R2 Peak R2
R2
(0–2.5%
sol)
R2
(2.5–10%
sol) peak R2
77 0.9713 77 0.3208 0.7779 0.9863 67 0.985
82 0.9523 82 0.0745 0.9704 0.9889 82 0.9771
87 0.9801 149 0.0288 0.8136 0.9999 104 0.9817
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CONCLUSIONS
Adsorption of polyester onto ethyl- and phenyl-modified
silica as well as onto a commercial fumed silica has
been carried out. ToF-SIMS was used to produce spectra
of the adsorbed surfaces, and characteristic peaks in the
spectra were used to produce adsorption isotherms. The
adsorption of the polyester onto the commercial silica and
phenyl ormosil appear to produce Langmuir-type isotherms,
whereas those produced from the ethyl ormosil were more
complicated and suggest a two-stage adsorption process. It
is believed that this work, in parallel with mechanical testing
of modified resin systems and composites, will lead to a
successful method for the optimization of specific ormosil
types as modifiers for polymer matrices composite systems.
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